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Preface 



The Fourth International Conference on Particle Physics Beyond the Standard 
Model (BEYOND THE DESERT ’03 - Accelerator, Non-accelerator and Space 
Approaches) was held during June 9-14, 2003 at Castle Ringberg, Tegernsee, 
Germany. Traditionally the Scientific Program of the BEYOND conferences, 
which we started in 19.97, covers most of the prominent topics of modern par- 
ticle physics and astrophysics (see CERN Courier November 1997, pp. 16-18, 
and March 2003, pp. 29-30). At this conference one of the topics on which we put 
major emphasis were new theoretical developments in extensions of the Stan- 
dard Model by Supergravity - which had its twentieth birthday in this year -, 
by Superstrings and by Extra Dimensions. Two of the ‘inventors’ of the first 
superspace formulation of supergravity - Pran Nath and Richard Arnowitt - 
were participants at this meeting. These topics were discussed by Pran Nath 
(Boston), Dick Arnowitt (Texas A&M) - who concentrated on the connection 
to dark matter and g-2 of the muon -, A.E. Faraggi (Oxford, UK), R.E. Allen 
(Texas A&M) and A. Kobakhidse (Helsinki Univ.). 

Fundamental symmetries, including CP violation beyond the Standard Mo- 
del, a possible time variation of the QCD scale, and the status of preons, were dis- 
cussed by Peter Herczeg (Los Alamos), M.N. Rebelo (Lisboa, Portugal), R. Leh- 
nert (Algarve Univ., Portugal), Harald Fritzsch (Munich) and S. Fredriksson 
(Lulea Univ., Sweden) . 

Interesting developments in General Relativity Research and Aspects of Spe- 
cial Relativity were discussed in the presentations by H. Rauch (Vienna), who 
showed the potential of neutron interferometry for tests of fundamental physics, 
by M. Arminjon (Grenoble), who presented a new Scalar Ether Theory of Gra- 
vitation, by Irina Dymnikova (Olzstyn), who covered the topic of Cosmological 
Term, Mass and Space-Time, by Dharamvir V. Ahluwalia-Khalilova (Zacate- 
cas, CCIU, Mexico) whose contribution discusses locality in special relativity, 
by L. lorio (Bari) showing up new perspectives in testing the General Relativi- 
stic Lense-Thirring Effect, and in the overview talk by P. Aufmuth (Hannover) 
about search for Gravitational Waves. 

Talks about the Early Universe included Cosmological, Quantum-Gravitati- 
onal and other possible violations of CPT Symmetry presented by N.E. Mavro- 
matos (London, CERN). Transplanckian physics was discussed by Ulf Daniels- 
son (Uppsala), who outlined how the Cosmic Microwave Background Radiation 
might probe physics at or near the Planck scale. Big Bang Nucleosynthesis and 
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Neutrinos was discussed by F.L. Villante (Ferrara), and Leptogenesis by L. Bento 
(Lisboa) . Maxim Khlopov (Rome, Moscow) gave a broad view on Cosmoparticle 
Physics, declaring it the Challenge for the Millennium. 

Among the experimental highlights at this conference were the final results of 
the DAMA Dark Matter experiment presented by its Spokesperson Rita Bern- 
abei (Rome), the HEIDELBERG-MOSCOW double beta experiment at Gran 
Sasso, for which the results for the period 1990-2003 are presented in this vo- 
lume, and the results of WMAP about the Cosmic Microwave Background. The 
DAMA result confirms their first indications for observation of cold dark matter 
on a 6 Sigma level. 

The HEIDELBERG-MOSCOW experiment, presented by its Spokesman 
H.V. Klapdor-Kleingrothaus, improved with three additional years of data the 
indication for neutrinoless double beta decay to a 4 Sigma level. The experiment 
is since ten years now the most sensitive double beta experiment worldwide. 
With the statistics reached it essentially achieved already what we expected 
from the huge GENIUS project which we proposed at the first of the BEYOND 
conferences, in 1997. 

WMAP was presented by E. Komatsu (Princeton), and S. Hannestad (Oden- 
se, Denmark) presented neutrino parameters deducible from this experiment and 
current large scale galaxy surveys. 

Ernest Ma (Irvine) outlined, how our meanwhile rather precise knowledge 
of neutrino oscillation parameters, i.e. of the correct form of the 3x3 neutrino 
mass matrix, may be obtained from symmetry principles, and showed, that they 
predict three nearly degenerate Majorana neutrinos in the 0.2 eV range. This 
theoretical result is of extreme interest also in view of the recent results from 
double beta decay and WMAP, etc. 

Other experimental highlights were the results obtained for solar neutrinos 
by the SNO experiment, and, in a completely different direction, the results ob- 
tained for Super heavy Elements. D. Ackermann (GSI Darmstadt) showed that 
the elements 107-112 have been synthesized and unambiguously identified at 
GSI, while the observation of elements 112, 116, 118 by the Oganessian group at 
Dubna was announced by V.K. Utyonkov (Dubna). The Sudbury Neutrino Ex- 
periment, presented by G. Ewan (Kingston, Canada), has provided now strong 
evidence, on a 5.3 E scale, and independently of details of solar models, that 
neutrinos change flavor on their way from the Sun to the Earth. Together with 
the results of other neutrino experiments, among them the Japanese 250 km 
Long-Baseline Experiment, presented by T. Kobayashi (Tsukuba, KEK), our 
knowlegde about neutrino properties thus has improved considerably in the last 
few years. An in this context highly interesting, non-mainstream view of the 
structure of the solar core is found in the contribution by Oliver Manual (Mis- 
souri) . 

Supernova and relic neutrinos were the topic of another session. Irina V. Kri- 
vosheina (Heidelberg, Nishnii-Novgorod), at that time member of the Baksan 
group, which as one of three groups observed SN1987A neutrinos - the Japanese 
group at Kamioka was honoured with the Nobel Prize in 2003 - gave a retros- 
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pective view of this exciting event, and some insider details of its discovery. Relic 
supernova neutrinos and their observation are, as discussed by M.R. Vagins (Ir- 
vine) and S. Ando (Tokyo Univ.), one of the future tasks of Superkamiokande. 

Breathtaking discoveries have been made, and were described by A. Eckart 
(Koeln), concerning the Supermassive Black Hole in the Center of our Galaxy. 
Other presentations in the Dark Matter Theory Session covered possible dark 
matter at the Center of the Galaxy (Raoul Viollier, Cape Town), relic neutralinos 
(S. Scopel (Torino), Axions (J.E. Kim, Seoul), Caustic Rings (Pierre Sikivie, 
Florida) and Dark Energy and Brane Dynamics (R. Neves, Faro, Portugal). 

In the context of Dark Matter search the announcement (by H.V. Klapdor- 
Kleingrothaus, MPI, Heidelberg) of the start of the GENIUS-Test Facility in 
GRAN SASSO found large interest. The first four naked high-purity Germa- 
nium detectors were installed successfully in liquid nitrogen in GRAN SASSO 
on May 5, 2003 (see CERN Courier, July 2003). This is the first time ever, that 
this novel technique aiming at extreme background reduction and proposed for 
the GENIUS project six years ago, is going to be tested underground. 

The physical goal of GENIUS-TF is to confirm the DAM A result, by loo- 
king for the modulation signal. GENIUS-TF may be for some time the only 
experiment besides DAMA (LIBRA), which could see the modulation. 

Several sessions were devoted to Search for New Physics with Colliders. Re- 
sults of the search for Higgs bosons, for R-Parity violation, for Leptoquarks 
and for Exotic Couplings at CERN and Fermilab were presented in the usual 
excellent way by our friends and participants of the BEYOND meetings from 
the very beginning R. Nikolaidou (CEA Saclay), S. Costantini (Roma, “La Sa- 
pienza”), S. Soeldner-Remboldt (Manchester, UK), S. Andringa (Lisboa) and 
L. Brigliadori (Bologna). 

Search for a phase transition between hadronic matter and a Quark Gluon 
Plasma at the Brookhaven Relativistic Heavy Ion Collider (RHIC) was outli- 
ned by Raimond Snellings (Amsterdam) and compared to measurements at the 
CERN SPS. Michael Hebert (Irvine) presented the goals and theoretical moti- 
vation of search for lepton flavor violation in the charged sector by the MECO 
muon to electron conversion experiment. 

Further outstanding contributions to Fundamental Physics, obtained by 
using Penning traps, were outlined by one of the pioneers of the field, Ingmar 
Bergstrom (Stockholm), who recently measured among others the Q value of 
double beta decay of ^^Ge with unprecedented precision. 

Coming back to the underground and space experiments, and their future. 
Gamma Ray Astronomy, Highest Energy Cosmic Rays and Neutrinos, Gamma- 
Ray Bursts, were covered by presentations of Eckart Lorenz (Munich), who di- 
scussed Ground-Based Gamma- Ray Astronomy, J. Bluemer (Karlsruhe), who 
presented the Pierre Auger Observatory, F. Raupach (Aachen) discussing the 
physics potential of AMS. Perspectives of the CANGAROO-III experiment were 
outlined by K.-hTsuchiya (Tokyo, ICRR), and a theoretical view about produc- 
tion of super high-energy cosmic rays around the GKZ cutoff was given by S.D. 
Katz (DESY), and Daniele Fargion, who also talked about Tau neutrino astro- 
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nomy. Christian Spiering (Zeuthen) gave an overview about results from the 
AMANDA Neutrino Telecope and Zh.-A. Dzhilkibaev about Status and Per- 
spectives of the Baikal Neutrino Project. Finally, Y. Kuno (Osaka) outlined the 
goals of future Neutrino and Muon Factories. 

In total, this conference gave a nice overview over major front disciplines 
of present particle, astrophysics and cosmology, in which non- accelerator expe- 
riments play a large role these days. The Proceedings might serve as a nice 
handbook for students about the present situation and the future perspectives 
and developments of these fields. 

We thank all colleagues who have contributed to the success of the meeting by 
their excellent talks and lively discussions. We thank the Max Planck Gesellschaft 
for financial support. We also would like to thank A. Hermann and his staff at 
Schloss Ringberg for their again highly efficient and pleasant cooperation, and 
for their help in creating an inspiring atmosphere during the conference. We 
further thank AMETEC Co. for kind support. Furthermore we thank all people 
who contributed in one or another way to the organization of the conference, 
especially the members of the Heidelberg Double Beta Decay and Dark Matter 
Group. 

In particular we are indebted to the Scientific Secetary of the conference. 
Dr. Irina Krivosheina (Nishnij Novgorod/Heidelberg) for her invaluable help in 
organizing this conference and in preparing these Proceedings. 



Heidelberg, February 2004 



H. V. Klapdor-Kleingrothaus 
(Conference Chairman of BEYOND 2003) 
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Part I 



SUSY/SUGRA Phenomenology 
and Early Universe 



Twenty Years of SUGRA 



Pran Nath 

Department of Physics, Northeastern University, Boston, Massachusetts, 02115, USA 



Abstract. A brief summary is given of the developments of mSUGRA and its exten- 
sions since the formulation of these models in 1982. Future directions and prospects 
are also discussed. 



1 Introduction 

Supersymmetry provides a technical solution to the so called gauge hierarchy 
problem in the form of a no renormalization theorem [1] which makes it an at- 
tractive candidate for model building. The main hurdle in the development of 
realistic models in the early days was the difficulty of breaking supersymmetry [2] 
in a phenomenologically viable manner. The resolution of this problem arises in 
super gravity framework. In this paper we briefly summarize the developments 
over the last 20 years since the formulation of the minimal supergravity grand 
unified model[3, 4] (mSUGRA) and its extensions including nonuniversalities to 
which we give the generic name: SUGRA models. The formulations of SUGRA 
models are based on techniques of applied supergravity where one couples gauge 
fields with matter fields (zi) and then couples the combined system to iV = 1 
supergravity [5, 4]. The coupled theory depends on three arbitrary functions: the 
gauge kinetic energy function the Kahler potential K{zi, z\), and the 

superpotential W{zi). This allows one to construct grand unified models based 
on super gravity [6]. The central assumption of SUGRA models is that supersym- 
metry is broken in a so called hidden sector and the breaking is communicated 
by gravitational interactions to the visible sector where quarks, leptons and the 
Higgs fields reside [3]. The theory intrinsically contains large mass scales which 
include the Planck scale and the grand unification scale. It is then shown that 
the low energy theory that results after integration over the Planck scale and the 
GUT scale is free of both these high scales, i.e., the Planck scale and the GUT 
scale. The absence of the Planck scale from low energy theory was shown in the 
work of Chamseddine etal and Barbieri etal in Ref. [3] while the cancellation of 
the grand unification scale was shown in the work of Chamseddine etal and Hall 
eta in Ref. [3]. For the case of minimal supergravity unification which uses the 
flat Kahler potential {K = the low energy theory results in just four 

soft breaking parameters which are the universal scalar mass ttiq, the universal 
gaugino mass mi , the universal trilinear coupling Aq and the universal bilinear 
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couplings ^ 0 - In addition, the low energy theory contains a Higgs mixing para- 
meter /io which can arise in a variety of ways but its size is typically of the soft 
breaking scale[3, 4, 7, 8]. The universality of the soft parameters holds at unifi- 
cation scale and below this scale the soft parameters and the parameter fi evolve 
according to the renormalization group equations governing the gauge and yu- 
kawa couplings[9] and the soft parameters [10]. In the development of mSUGRA 
models it was assumed that SUSY breaks in the hidden sector via some scalar 
fields developing vacuum expectation values [11]. At the more fundamental level 
the breaking may arise via gaugino condensation with < Ay^A 0[12]. Howe- 
ver, this phenomenon requires non-perturbative effects to occur and generally 
it is difficult to obtain explicit models where a satisfactory solution is achieved. 
Returning to SUGRA models, they have played a dominant role in the deve- 
lopment of SUSY phenomenology and some of the early works are contained in 
Ref. [13]. 

A remarkable aspect of SUGRA models is that they lead to the breaking 
of the electroweak symmetry [3] which is something that is rather adhoc in the 
standard model Further, an attractive mechanism for this is via renormalization 
group effects using renormalization group evolution [10]. The radiative electro- 
weak symmetry breaking solutions must be subject to the constraints of color 
and charge conservation [14]. Under these constraints one minimizes the effective 
potential in the vicinity of the electroweak scale which leads to constraints on 
the vacuum expectation value of the Higgs fields. In the minimal supersymmetric 
standard model (MSSM) one has two Higgs fields. Hi (i=l,2), which leads to two 
constraints which arise from the extremization conditions corresponding to these 
fields. One of these constraints can be used to eliminate the /i parameter (except 
for its sign) while the second one allows one to eliminate the soft parameter Bq 
in favor of tan (3 =< H 2 >/< Hi >, where H 2 gives mass to the up quark and 
< Hi > gives mass to the down quark and the lepton. Thus the low energy theory 
can be described by only four parameters, i.e. the parameters mo, mi, Aq, tan /5, 
and sign (//). This is to be contrasted with the large number of soft parameters 
one can add in MSSM [15] without upsetting the cancellation of the quadratic 
divergences [16, 17]. Historically local supersymmetry first arose in the form of 
supergravity in superspace called gauge supersymmetry [18, 19]. This formula- 
tion was a direct extension of Einstein gravity to superspace. The formulation 
of local supersymmetry directly in ordinary space was given in Refs. [20, 21]. 

The outline of the rest of the paper is as follows: In section 2 we discuss 
some of the signatures of SUGRA models which include a discussion of the 
phenomenon of scaling. We discuss the trileptonic signal and also emphasize the 
importance of the process ^ l^~ as an important signal of SUSY and 

SUGRA for the case of large tan/3. In Sec. 3 we discuss the current situation 
regarding the implications of the Brookhaven experiment on — 2)12 for 

SUGRA models. It is argued that a SUSY contribution to afj, of size 0(10“^) or 
larger implies upper limits for sparticle masses which should be accessible at the 
Large Hadron Collider (LHC). In Sec. 4 we discuss the implications of CP phases 
arising from the soft breaking parameters becoming complex. In this section we 
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also discuss the constraints on CP phases from the electric dipole moment limits 
that exist for the electron, the neutron and for the atomic edms such as 
Implications of large CP phases on low energy phenomena are also discussed. 
Of special interest are the phenomena involving the mixings of CP even and CP 
odd Higgs states induced by the CP phases via loop corrections to the Higgs 
masses. These mixings can lead to interesting effects in SUSY phenomena at 
colliders. In Sec. 4 we also discuss the effects of CP phases on supersymmetric 
corrections to the b quark mass and for the r lepton mass, and the modifications 
of the Higgs decays h 66, rr, cc due to CP phases. An accurate measurements 
of these decays may reveal the effects of supersymmetry and of CP phases. In 
Sec. 5 we discuss the hyperbolic branch (HB) of the radiative breaking in SUGRA 
models. This branch is characterized by the property that the soft parameters 
mo and rrii /2 lie on the surface of a hyperbola for fixed /i and thus can get 
large while fi remains fixed and small. It is also discussed in Sec. 5 that the focus 
point (FP) region is a part of the hyperbolic branch corresponding to relatively 
low values of mi/ 2 . The hyperbolic branch naturally leads to heavy squarks and 
gluinos but it is shown in Sec. 6 that this branch may still allow for sufficient 
relic density to be consistent with the current astrophysical data. In Sec. 7 the 
current status of SUGRA GUTs is discussed. Also discussed is the relationship 
of SUGRA to strings. Conclusions are given in Sec. 8. In this paper we do not 
discuss other developments such as the no scale supergravity [22] and the gauge 
mediated breaking of supersymmetry [23]. Indeed the literature following the 
development of SUGRA models is enormous and it is physically not possible to 
do justice to reviewing it in a conference talk. Thus although the bibliography 
looks extensive there is no claim it is complete as it is only a fraction of the 
existing literature. Further, we limit ourselves in this talk to only a few topics 
of current interest and many other interesting topics within SUGRA will not be 
discussed. 



2 SUGRA Signatures 

An important hint for supersymmetry comes from the LEP data in terms of 
precise values for the gauge couplings constants and the fact that unification 
occurs within SUSY/SUGRA unified models[24, 25, 26]. We note that the thres- 
hold corrections from the sparticle masses enter crucially in the gauge coupling 
unification and provide an indirect support for SUGRA. The analyses involve 
evolution of gauge and Yukawa couplings from the GUT scale to low energy 
using one and two loop renormalization group equations of the gauge and Yu- 
kawa couplings[9, 27] and of the soft parameters [10, 28]. Further, more accurate 
determinations of the sparticle masses at low energy require that the minimiza- 
tion of the effective potential include loop corrections [29, 30, 31]. In the Higgs 
sector such loop corrections turn out to be crucial. Thus in mSUGRA one has the 
tree relation that the lightest Higgs mass should lie below the Z boson mass [4]. 
However, this relation is modified by loop corrections and lift the lightest Higgs 
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significantly above M^[32]. The parameter space of SUGRA model is limited 
by experimental and theoretical constraints. One of these is the constraint of 
the flavor changing neutral current process 6 — )► s + 7 [33] which constrains the 
parameter space depending on the /x sign. 

An interesting phenomenon exhibited by renormalization group analyses is 
that of scaling [34]. It arises in regions of the parameter space where /x is large and 
leads to interesting relation on the gaugino masses of the type m^o ~ 0.5m^o, 
m^o ~ m^/3, m^o ~ ~ M well as interesting relations 

among the other sparticle masses. Many of the mSUGRA mass relations can be 
appropriately expressed as sum rules which can be put to test when one has a 
precise measurement of the sparticle masses [34, 35]. One consequence of the RG 
analysis is that the lightest neutralino turns out to be the lightest supersym- 
metric particle (Isp) over most of the parameter space of the model. Further, in 
the region where scaling holds one finds that the lightest neutralino is in fact 
mostly a Bino[34, 36]. This result has important implications for supersymme- 
tric dark matter in SUGRA models with R parity conservation. Further, the 
R parity conservation constraint leads to interesting missing energy signals in 
sparticles decays. One such signal is the trileptonic signal. It was noted early in 
the investigation of SUGRA models that the decay into chargino and the 
second lightest neutralino, i.e., xf + X 2 with the subsequent decays of the xf 
and X 2 lea.d to a clean trileptonic signal [13] and further work was carried 
out in Ref. [37]. In Ref. [38] it was observed that the decays from an off-shell 
W can extend very significantly the potential for the discovery of the chargino 
xt- A recent analysis of this process can be found in Ref. [39]. Another pro- 
cess which has been the subject of recent studies is the decay • 

In the standard model the branching ratio for this process is rather small, i.e., 
Br{Bg == (2.1 zb 1.4) X 10“^ (for Vts = 0.04 zb 0.002) and beyond the 

reach of experiment in the near future. Thus the current experimental limit for 
this process is Br{B^ -> /x+/x“) < 2.6 x 10~® and one estimates that a branching 
ratio down to the level of 10“^ may be achievable at RUNII of the Tevatron. 
However, a check on the standard model branching ratio Br{B^ /x+/x“) would 
not be feasible even with this enhanced sensitivity. In supersymmetry the so cal- 
led counterterm diagram is proportional to tan®/? for large tan/? [40]. Detailed 
numerical analyses show that indeed one expects a big enhancement of order 10^ 
in some parts of the parameter space in SUGRA models[41, 42, 43, 44, 45, 46]. 
Thus the process Br{B^ is a strong indicator of supersymmetry and 

in fact an observation of this process will be pointer to the existence of sparticles 
even before the sparticles are seen. There are a variety of other signals which 
have been discussed in the literature and the reader is directed to Ref. [47] for a 
more comprehensive survey, to Refs. [39, 48, 49] for more recent constraints on 
mSUGRA, to Refs. [50, 51, 52] for more recent surveys, and to Refs. [53, 54] for 
the disovery potential of SUSY/SUGRA at ATLAS and GMS. 



Twenty Years of SUGRA 



7 



3 g^- 2 and SUGRA 

— 2 is one of the most sensitively determined quantities in all of physics. The 
precision of this determination has further increased due to the recent Brookha- 
ven experiment [55, 56]. The standard model correction consists of several parts: 
the qed correction, the hadronic correction and the electroweak correct ion [5 7]. 
Of these the qed correction and the electroweak correction are reliably deter- 
mined and the largest source of error in the theoretical analysis arises from the 
hadronic correction. The hadronic correction consists of leading order (LO) and 
the nonleading order hadronic (NLO) contributions and the light-by-light ha- 
dronic contribution. The NLO correction is well understood. However, the LO 
correction has been the subject of much scrutiny [58, 59]. Similarly, the light- 
by-light hadronic correction has seen a flip in its sign and is still a subject of 
some debate[60, 61, 62, 63, 64]. A very recent estimate of the difference between 
experiment and theory gives[59] ~ (33 dz 10) x 10“^^ which is about 

3cr effect. However, this difference is likely to change with more accurate deter- 
minations of the LO hadronic corrections, and with more data expected from 
Brookhaven. Now it was predicted already nearly twenty years ago that the 
supersymmetric electroweak correction should be of the same size as the stan- 
dard model electroweak correction [65] and that any experiment that tests the 
standard model electroweak correction will in fact also test the supersymmetric 
electroweak correction [65]. Further, it was later pointed out that the sign of susy 
correction to — 2 is the sign of yu in a large part of the parameter space[66, 67]. 
An important issue concerns if extra dimensions might provide a strong back- 
ground to the supersymmetric effects. That is to say if the corrections to — 2 
from the exchange of Kaluza-Klein states might produce a large enough correc- 
tion which might mask the supersymmetric effect. This analysis was carried out 
in Ref. [68] . The analysis showed that using the current lower limits on the size of 
extra dimensions one finds that the corrections from the extra dimensions do not 
produce a serious background to the supersymmetric correction. Thus after the 
results of the Brookhaven experiment in the year 2001 [55] which showed a 2.6cr 
effect there was a lot of theoretical activity to understand the implications of the 
results [69] in the context of supersymmetry. One of the major consequences that 
emerged from these analyses was the existence of upper limits on sparticle mas- 
ses which all appeared to be within reach of the LHC. The Brookhaven result of 
2002 [56] is essentially consistent with their previous determination. However, in 
the meantime the theoretical evaluations have changed due to reevaluations of 
the leading order hadronic correction and the light-by -light hadronic correction. 
Thus the situation is still in a state of flux. 



4 CP Phases 

The minimal supergravity model mSUGRA can be extended to have two phases 
which can be taken to be the phase of // and the phase of the trilinear coupling 
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A. The main problem encountered with the inclusion of phases is that there 
are severe experimental constraints on them, e.g. from the electron edm[70] and 
from the neutron edm[71]. Theoretically there are many contributions to the 
electric dipole moment of an elementary particle. Thus while for the electron the 
contribution to the electric dipole moment arises from the electric dipole opera- 
tor, for the quarks it arises from the electric dipole operator, from the chromo 
electric dipole operator and from the dimension six operator [72]. These contribu- 
tions are computed at the weak scale and evolved down to the low scales where 
the experimental measurements of these are given. In extracting contributions 
from the chromo electric dipole operator and from the dimension six operator 
one uses the so called naive dimensional analysis[73j. Now typically phases 0(1) 
tend to give edm contributions which are already in contradiction with current 
experiment [70, 71]. There are a variety of ways that have been discussed in the li- 
terature for controlling these edms. These include fine tuning to make the phases 
small [74], suppression of the edms by heavy masses [75], suppression of phases in 
a class of Left-Right symmetric models [76], and suppression by the cancellation 
mechanism[77, 78]. Additional ways for the suppression include putting the pha- 
ses in the third generation [79]. Further, the experimental limits on the atomic 
edms arising from Schiff moment and specifically the experimental atomic edm 
of iL^^^[80] also impose important constraints on model building[81, 82]. Since a 
broad class of SUGRA and string models constain soft breaking parameters with 
large phases, the cancellation mechanism is specially suited for these scenarios. 
We explain, therefore, in some detail how the cancellation mechanism by which 
the edms are reduced works. Consider, for example, the electric dipole moment of 
the electron which receives contributions only from the electric dipole operator. 
However, the supersymmetric contribution to this operator includes contributi- 
ons from the exchange of two charginos and four neutralinos. In certain regions 
of the parameter space these contributions have opposite signs and naturally 
cancel reducing the edm below the experimental limit. For the quarks the situa- 
tion is more complex. As mentioned above the quark edm receives contributions 
from the electric dipole, the chromoelectric dipole and the purely gluonic dimen- 
sion six operator. Here the electric dipole operator and the chromoelectric dipole 
operators receive contributions from the exchange of the gluino, the charginos, 
and the neurtralinos and thus there are even more possibilities for cancellations. 
Similarly for the dimension six operators one has contributions arising from the 
exchange of stops and sbottoms. In addition to the cancellations that can occur 
within each individual operator from gluino, chargino and neutralino exchan- 
ges, one has an additional possibility for cancellations for the quark case not 
available for the electron electric dipole moment, i.e., one may have cross can- 
cellations among the electric dipole, the chromoelectric dipole, and the purely 
gluonic dimension six operators. 

Such cancellations are further facilitated in the nonuniversal SUGRA model 
(nSUGRA). In nSUGRA one may give nonuniversal gaugino masses as well as 
nonuniversalities in the Higgs sector and in the third generation sector consistent 
with FCNC. We focus here on the gaugino sector. In this case one may have inde- 
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pendent gaugino masses for the SU{3)c, SU{2) and U{1) sector gaugino masses 
rhi so that = \rhi\e^^^ (i=l,2,3). We note in passing that the physical quanti- 
ties such as the edms depend only on certain combinations of phases which have 
been classified in Ref. [83]. Even so the appearance of a larger number of phases 
allows a larger region of the parameter space for the cancellation mechanism to 
operate. The central point of the cancellation mechanism and of other mecha- 
nisms is that they allow the phases to be large and one can still satisfy the edm 
constraints. Now if the phases are large they will affect a variety of low energy 
phenomena. These include effects on Higgs phenomenology [84, 85], on sparticle 
phenomenology [ 86 , 87], on fiavor and B physics[ 88 , 89], on . [46], on 
— 2[90], and on proton decay [91]. CP phases also affect loop corrections to the 
b quark mass and the r lepton mass [92]. It is known that the SUSY effects can 
produce large corrections to the b quark mass for large tan/3[93]. It was found 
in Ref. [92] that CP effects on these can also be large. Similarly supersymmetric 
effects produce important corrections to the Higgs decays to 66 , rf and cc[94]. 
Here also one finds that CP phases can produce large corrections to these decays 
of the Higgs bosons [95]. 



5 Hyperbolic Branch/Focus Point (HB/FP) 

It is now known that there are two branches to the radiative breaking of the 
electroweak symmetry, an ellipsoidal branch and a hyperbolic branch [96]. These 
arise due to two solutions of g using radiative symmetry breaking equation that 
determines /x, i.e., Cittiq -h where ~ 

^ 1/2 “I" and Ci etc are determined purely in terms of gauge and 

Yukawa couplings and are the loop corrections. These loop corrections play 
an important role in the analysis. For small to moderate values of tan j3 the loop 
corrections are relatively small. Also from the renormalization group analysis one 
finds that the co-efficients C 2 , C 3 are positive. In these cases the scale dependence 
of Cl is relatively small and one finds (7i > 0 for a range of scales Q where the 
radiative electroweak symmetry breaking is realized. In this case one finds that 
the soft parameters for fixed // lie on the surface of an ellipsoid. Now for larger 
values of tan/?, i.e., typically tan/? > 5 one finds that the loop corrections to /x 
become large. Further, for this case one also finds a rather significant variation 
in this correction with the scale Q and also a significant variation of C\ with 
the scale. The implications of this scale dependence can be seen by choosing a 
scale Qq at which the loop corrections to /x are minimized. At this scale one then 
finds that sign(Ci((5o))=-l- One immediately sees that the implication of this 
result is to change the nature of the radiative symmetry breaking equation above 
from an ellipsoidal to a hyperbolic constraint. The choice of Qq in the discussion 
above is for illustration purposes only and the phenomenon discussed above 
would occur for any Qo in the region of the electroweak symmetry breaking. 
Now the parameter /x can also be regarded as the fine tuning parameter [96] of 
the theory. Though there are by now several different criteria of what constitutes 
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fine tuning[97] the parameter fj. provides the simplest criterion. This parameter 
is especially suitable for interpreting the implications of the hyperbolic branch 
vs the ellipsoidal branch. Thus for fixed ji and hence for a fixed fine tuning, one 
finds that the ellipsoidal branch of radiative breaking puts upper bounds on mo 
and mi /2 while the hyperbolic branch does not. In the latter case one finds that 
mo and mi /2 could lie in the several TeV region consistent with a small fi. 

If indeed the hyperbolic branch is realized masses of some of the supersym- 
metric particles, specifically the squarks and the gluinos, the heavier neutralinos 
and the heavier chargino, and the heavy Higgs, could be very large. In this scena- 
rio the lightest particles will be the light Higgs and x?, X 25 xf • Typically for large 
mo and mi /2 the pattern of masses for Xi? X 25 xt given by m^o < m^± < m^o 
at the tree level but loop corrections here may be significant [98, 99]. In this 
scenario the mass differences AM^ = m + — m^o and AM^ = m^o — m^o 
are typically 0(10) GeV. Thus the usual strategies for identification of super- 
symmetry in this region does not work and one must follow other strategies for 
identification of such particles [100, 101, 102]. However, it was argued in Ref. [103] 
that observation of supersymmetric dark matter is still possible even in this re- 
gion. This comes about because as mo and mi /2 get large for fixed /i, X 15 X 2 
and x^ move from being mostly gaugino like to mostly higgsino like. We will 
discuss more on this in the section on dark matter below. A part of the hyper- 
bolic region corresponds to the so called focus point region (FP)[104]. As in the 
hyperbolic branch (HB) the focus point region also corresponds to a small 
However, the focus point case corresponds to that part of the hyperbolic branch 
for which mi /2 is relatively small. As a result mo is also constrained to get not 
too large. Still values of mo in several TeV region can be gotten in this part of 
the hyperbolic branch. Thus the focus point region is contained in the hyper- 
bolic branch and corresponds to the low end of the mi /2 region on this branch 
(see also Refs. [105, 103] in this context). Of course if the — 2 experimental 
difference at the level currently seen continues to persist then a significant part 
of BB/FP region will be eliminated. 



6 Dark Matter in SUGRA 

Soon after the formulation of mSUGRA it was realized that the lightest neutra- 
lino with R parity conservation could be a candidate for dark matter [106, 107]. 
While this was originally just a possibility a concrete realization of this possi- 
bility occurs when one carries out renormalization group analyses on sparticle 
masses in mSUGRA models and one does indeed produce the light neutralino 
as the Isp over a significant part of the parameters space. Further, in SUGRA 
models theoretical analyses show that for regions of the parameter space where 
/i >> Mz and mo^rrig < 1 TeV, the lightest neutralino is a Bino[34, 36]. Of 
course, as discussed above there are other regions (HB/FP) where the lightest 
neutralino would be mostly a higgsino. We discuss now some salient features 
of the analyses of supersymmetric dark matter. First one needs to check if the 
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density of relic neutralinos falls within current limits given by the astrophysical 
observations. The quantity of interest is ftcoMh^ where ftcDM = PcdmIPc 
where pc dm is the mass density of cold dark matter in the universe and pc is 
the relic density needed to close the universe, and h is the Hubble parameter 
in units of 100 km/sMpc. The most recent data from the Wilkinson Microwave 
Anisotropy Probe indicates the result[108, 109] ^cDMh‘^ = 0*1126lo;oo9* Before 
we discuss the implications of this highly accurate determination for supersym- 
metry, we continue first with our general line of discussion. The analysis of the 
relic density is quite intricate in that the annihilation of the relic neutralinos can 
result in many final states, such //, WW, ZZ, Zh etc with the number of final 
states included depending on the mass of the relic neutralino. The analysis of 
the relic density involves the thermal averaged quantity < cTeffV > where Ceff 
is the neutralino annihilation cross section and v is the relative velocity of the 
annihilating neutralinos. 

In general thermal averaging will involve integrating over the Breit-Wigner 
poles which is somewhat of a delicate procedure [110, 111]. It turns out that the 
analysis of relic density is also significantly affected by coannihilation[112, 113, 
114, 115, 116, 117, 118]. The quantity of interest in these analyses is the number 
density n = ^ ria where the sum runs over all the particle types that coannihilate 
and n obeys the Boltzmann equation —3Hn— < cJeff'^ > '^o) where 

H is the Hubble parameter and no stands for the equilibrium number density 
while (Jeff = cTa6^a^6 where a ah is the annihilation cross section of particles 
a and b and Va = '^oa/'^o with noa the density of particles of species a at 
equilibrium. In the coannihilation process after the freeze out the next to the 
lowest supersymmetric particles (nlsp’s) decay to the Isp and thus n becomes 
the number density of the Isp. The importance of coannihilation arises from 
the fact that it extends considerably the allowed region of the parameter space 
where the relic density constraints can be satisfied. Thus without coannihilation 
the allowed range of the neutralino mass where the relic density constraint can 
be satisfied extends typically to around 150-200 GeV in mSUGRA. However, 
with the inclusion of coannihilation the allowed range of the neutralino mass 
can extend up to around 700 GeV[114, 115]. In this case the processes that enter 
in the relic density analyses are x^lk and 

^®I^, 77 , 7 Z, ZZ, h/i. The most important coannihilation channel here 

turns out to be the one involving the staus. 

Theoretical analyses over more than a decade and a half have investigated 
both the indirect and the direct detection of dark matter [119, 120, 121, 122] and 
a number of phenomena have been studied. These include the effects of nonuni- 
versalities in the higgs sector and in the third generation sector[123, 124]. Specifi- 
cally in these sectors the nonuniversalities can be parametrized at the GUT scale 
by the relations {Mq) = mo{l -h Si) (i=l,2) and by {Me) = mo{l + 
and = '^o(l + S^) where one may allow allow Si (i=l-4) to be 0(1) 

consistent with the FCNC constraints. It is found that variations of Si in this 
range can lead to enhancements of the neutralino-proton cross section (cr^_p) 
by as much a factor of 10. The gaugino non-universalities [125, 126] also have a 
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very significant influence on dark matter [127, 128]. Nouniversalities in the gau- 
gino sector can enter via non-singlet representations in the decomposition of the 
neutralino mass matrix. Thus, for example, for SU(5) the gaugino mass matrix 
transforms in general like the symmetric product 24 x 24 which in its decompo- 
sition contains the SU(5) representations 1,24, 75, and 200. The assumption of 
only the singlet leads to universal gaugino masses while a non- vanishing contribu- 
tion from the non-singlet parts will lead to nonuniversalities. A similar situation 
occurs for the case of SO (10) where the gaugino mass matrix transforms like the 
symmetric product 45 x 45 and contains the representations 1, 54, 210 and 770. 
The gaugino mass nonuniversalities affect very significantly the allowed range of 
the neutralino mass over which the relic density constraints can be satisfied [127]. 
Further, the direct detection rates are also affected. Similarly, the effect of CP 
violation on dark matter analyses turn out to be important [129]. The situation 
regarding the imposition of the Yukawa unification constraint and specifically 
the b — T unification constraint is interesting [130, 131]. It is well known that b — r 
unification requires a negative contribution to the b quark mass[132, 133]. Now 
roughly the correction to the b quark mass depends directly on the sign of /x and 
thus a negative contribution to the b quark mass indicates that a negative sign of 
/i is preferable. However, the BNL experiment appears to indicate that the sign 
of is positive. Thus these two results appear to be in conflict. However, a closer 
scrutiny reveals that the sign of the b quark correction depends on the sign iirrig 
while the sign of — 2 correction is controlled by the the chargino exchange and 
hence depends on /i and the SU{2) gaugino mass m 2 . Thus one obvious solution 
presents itself, i.e., that the signs of rrig and m 2 are opposite [134]. Specifically, 
choosing a negative sign for fimg resolves this conflict. The opposite correlation 
of mg and m 2 arises naturally if the gauginos belong to the 24 plet representation 
for the SU{5) case and to the 54 plet representation for the 50(10) case. The 
analysis of dark in this framework of Yukawa unification is given in Ref. [131]. 
Other possibilities for this resolution have also been explored [135, 136]. 

We turn now to a discussion of dark matter on the hyperbolic branch. 
It is quite interesting that on the hyperbole branch we can satisfy the re- 
lic density constraints even though much of the sparticle spectrum is rather 
heavy. The satisfaction of the relic density constraints here arises once again 
due in part to the inclusion of coannihilation which arise because of the near 
degeneracy of y?, %2 xf- The coannihilation involving these particles 

lead to processes of the type XiXi,XiX 2 -^ UiUi,didi,W+W~ and XiXi,X 2 xt 
-^Uidi,eii/i, AW~^ , ZW~^ ,W'^h. The channel that dominates the coannihilation 
is the one that involves the sparticle which has the smallest mass difference with 
the Isp which in this case is between xt and y?. As pointed out earlier the neu- 
tralino in the hyperbolic region is mostly a higgsino and this structure tends to 
enhance the neutralino-proton cross section. We return now to the constraint of 
the WMAP constraint [108, 109]. There have been several analyses recently to ex- 
plore the implications of this constraint [137, 105, 103]. One important result that 
emerges is that the new data limits more severely the parameters space of models. 
Quite interestingly HB/FP region is consistent with the WMAP constraint [103]. 
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Further, the WMAP constraint produces neutralino-proton cross sections that 
lie within range of the current [138, 139, 140, 141] and future[142, 143]. dark 
matter experiments [103]. 



7 SUGRA, GUTS and Strings 

Supergravity grand unification much like SUSY GUTS generates baryon and 
lepton number violation whose nature and strength is is controlled by the na- 
ture of the grand unification group. Theories based on SU(5), SO(IO), E(6) 
gauge groups generate below the grand unification scale baryon and lepton 
number violating dimensions five operators with chiral structures LLLL and 
RRRR[144, 145]. When dressed with the full set of chargino, gluino and neu- 
tralino exchange diagrams the dimension five operators produce dimension six 
operators with chiral structures LLLL, LLRR, RRLL and RRRR which can de- 
cay the proton[144, 145] and a similar situation exists also in string models[146]. 
A detailed analysis of proton decay, however, is rather intricate and depends on 
both the high and the low energy structures of the theory. Thus the lifetime of 
the proton can be significantly affected by the soft breaking sector of SUGRA 
GUTS and by the Higgs triplet structure [147] and specifically by the textures 
in the Higgs triplet sector [148]. The most recent limits on the proton lifetime 
appear to disfavor the minimal SU(5) model[149] (see, however. Ref. [150]). Re- 
garding SO (10) there are a whole variety of possible SO (10) models and so 
there are no necessarily definitive SO (10) predictions since the proton decay 
modes are highly model dependent [151, 152, 153, 154]. An important issue con- 
cerns the role of large representations such as 120 and 126. The appearance of 
such representations can significantly affect analyses of proton decay [154] and 
of neutrino masses [155]. We turn now to a brief discussion of the connection 
of SUGRA models and strings. Since SUGRA models are derived from models 
involving supergravity and supergravity may be viewed as a low energy limit of 
string theory below the Planck scale, it is natural to imagine SUGRA arising as 
a low energy limit of a string model. There are two elements involved in such a 
connection. First one must try to deduce a realistic model with a standard mo- 
del gauge group from string theory and efforts have been in this direction from 
the very beginning [156, 157]. Second one must try to obtain a realistic brea- 
king of supersymmetry from strings and there has some been progress also along 
these lines[12, 158] specifically using dualities [159, 160]. More recently the con- 
straints of modular invariance on soft breaking have been investigated to make 
contact with low energy phenomenology [161]. An interesting issue concerns the 
constraints needed in modular invariant theories to derive universality of soft 
parameters and in Ref. [162] some dynamical constraints to achieve universality 
of soft parameters were identified. Thus while we do not yet have a fully realistic 
string model it is interesting that one can still make tentative contact between 
supergravity based models and string theory. 



14 



Pran Nath 



8 Conclusion 

The advent of SUGRA models in 1982 spurred an activity in supersymmetry 
phenomenology that still continues. Historically it was only within the framework 
of SUGRA models that a phenomenologically consistent spontaneous breaking of 
supersymmetry was first achieved. The basic concept of supersymmetry breaking 
in one sector and its communication to the physical sector also introduced first 
in SUGRA finds applications in string based scenarios. Further, SUGRA models 
with R parity predict the existence of cold dark matter (CDM), something that 
appears desirable from astrophysical considerations. The literature on mSUGRA, 
its extensions and their implications is enormous and a comprehensive review of 
the developments is obviously outside the scope of a conference talk. Thus we 
have focussed on a few topics of current interest. One of these topics concerns 
the difference Aa^ = ~~ There are several estimates of this quantity 

which differ mainly due to the different estimates of the leading order hadronic 
correction. According to the recent analysis of Ref. [59] this difference is (33 ± 
10 ) X 10 which amounts to about 3 cr deviation between experiment and theory. 
An effect of this size is expected with in SUGRA models since it was noted early 
on [65] that the size of the supersymmetric electroweak correction could be as 
large or larger than the standard model electroweak correction. However, the 
theoretical evaluations of the hadronic error are still in a state of flux and 
is likely to shift before it settles down. However, we note that if a value of Aa^ 
persists at a perceptible level, i.e., ~ 10 "^ then the sparticle mass limits lie within 
reach of the LHC and the direct observation of new physics is implied. Thus 
most of the sparticles kU, ..) should become visible at the LHC. Another 
interesting aspect of SUGRA models is that renormalization group analyses show 
that in a large part of the parameter space the sign of is correlated with 

the sign of fi. Thus the current analyses on imply a positivity of 

the /i sign. A positive /i is very desirable for the satisfaction of the 6^5 + 7 
constraint and also for the observation of supersymmetric dark matter. 

mSUGRA is consistent with the flavor changing neutral current constraints. 
However, it is possible to extend mSUGRA to include non- universalities by the 
assumption of a non-flat Kahler potential and a non-flat gauge kinetic energy 
function. These extensions allow one to include nonuniversalities in the Higgs 
sector, in the third generation sector and in the gaugino masses consistent with 
the FCNC constraints. Further, SUGRA models allow the soft breaking para- 
meters to become complex in general. Thus mSUGRA allows up to two phases 
in the soft breaking sector while more phases can appear when one includes 
nonuniversalities. However, the inclusion of phases involves strong consistency 
checks with the current very sensitive limits on the electron and the neutron 
edms. Additionally, the atomic edms generated via the Schiff moments also con- 
strain phases. This is the case specifically for the atomic edm of Typically 

phases 0 ( 1 ) will violate these constraints unless a mechanism is invoked for their 
suppression. Several mechanisms for such suppressions have been discussed in 
the literature. One mechanism which leads to a natural suppression in certain 
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regions of the parameter space of SUGRA models is the cancellation mechanism 
and there are many works exploiting this technique to allow for large phases. 
However, whatever mechanism is employed for the suppression of the edms, the 
presence of large phases typically has large effects on supersymmetry phenome- 
nology. One of the most dramatic effects occurs in the Higgs sector where the 
Higgs mass eigenstates are no longer CP even and CP odd states but rather 
admixtures of CP even and CP odd states. This mixing will lead to rather dra- 
matic effects in SUSY phenomena at colliders and elsewhere. Further, the 
inclusion of phases produces important effects on SUSY corrections to the Higgs 
mass, on SUSY corrections to the b and r lepton masses and on Higgs decays to 
bh, rf and cc Thus decay branching of the Higgs, for example, to bb will carry 
signatures of both supersymmetry and CP phases. One such process is the de- 
cay — )► ii^ ii~ . The branching ratio for this process in the standard model 

is too small to be accessible to experiment in RUNH of the Tevatron. However, 
in SUGRA models the branching ratio for this process can be enhanced by as 
much as a factor of 10^ for large tan j3. Further, the inclusion of CP phases can 
produce additional enhancements which can be as large as another factor of 10^. 
These enhancements put the the ^ ^ branching ratio within reach 

of the Tevatron. Thus the observation of this process will be a strong hint for 
supersymmetry pointing to the existence of sparticles even before the sparticles 
are directly observed. 

The existence of supersymmetric dark matter is an important prediction of 
SUGRA models with R parity invariance. Detailed analyses of the density of the 
relic neutralinos indicate that the predictions of mSUGRA and its extensions 
allow for consistency with the most recent determinations of from the 

WMAP data. Further, the relic density limits from WMAP more sharply con- 
strain the sparticle spectrum and define more sharply the allowed ranges of the 
spin independent and spin dependent neutralino- proton cross sections. In this 
talk we have also reviewed the hyperbolic branch of the radiative breaking of the 
electroweak symmetry. A part of this branch allows for large values of mo and 
mi /2 for a fixed value of ji and puts most of the sparticle in this region in the 
several TeV region. However, quite interestingly this region still produces a relic 
density consistent with the WMAP constraints and leads to scalar and spin de- 
pendent neutralino- proton cross sections which appear to be within reach of the 
future dark matter experiments such as GENIUS and ZEPLIN. Proton decay in 
SUGRA GUTs depends on two elements, on the sparticle spectrum and on the 
GUT group. Unlike the sparticle masses which in mSUGRA are essentially inde- 
pendent of the GUT structure as pointed out in section 1, proton decay hinges 
critically on the GUT structure. Thus this sector of the theory is more model de- 
pendent. While models do exist where one can make consistent the GUT theory 
with the current proton decay limits, there is not a uniqueness in fixing the GUT 
structure. Fortunately, the low energy predictions of SUGRA models are inde- 
pendent of the dimension 5 operators and thus the SUGRA predictions are not 
affected by issues related to the proton lifetime. Finally, we note that SUGRA 
models have gravity as an intrinsic piece of their fabric and have good chance of 
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making contact with string theory. Thus more effort is needed to derive SUGRA, 
mSUGRA and other competing models from a top down approach. More than 
20 Years after its invention SUGRA is still a leading candidate for new physics 
beyond the SM. Experiment is awaited to check the predictions of this model. 
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Abstract. Recent developments constraining the SUSY parameter space are reviewed 
within the framework of SUGRA GUT models. The WMAP data is seen to reduce the 
error in the density of cold dark matter by about a factor of four, implying that the 
lightest stau is only 5-10 GeV heavier than the lightest neutralino when mo, mi /2 < 1 
TeV. The CMD-2 re-analysis of their data has reduced the disagreement between the 
Standard Model prediction and the Brookhaven measurement of the muon magnetic 
moment to 1.9 a, while using the tau decay data plus CVC, the disagreement is 0.7 a. 
(However, the two sets of data remain inconsistent at the 2.9 cr level.) The recent Belle 
and BABAR measurements of the B — > (pK CP violating parameters and branching 
ratios are discussed. They are analyzed theoretically within the BBNS improved facto- 
rization method. The CP parameters are in disagreement with the Standard Model at 
the 2.7 cr level, and the branching ratios are low by a factor of two or more over most 
of the parameter space. It is shown that both anomalies can naturally be accounted 
for by adding a non-universal cubic soft breaking term at Mg mixing the second and 
third generations. 



1 Introduction 

While SUSY particles are yet to be discovered, a wide range of data has begun to 
limit the allowed SUSY parameter space. We review here what has happenned 
over the past year to further restrict SUSY models of particle physics. A number 
of new experimental and theoretical analyses have occurred: 

The current experiments that most strongly restrict the SUSY parameter 
space are the following: 

• WMAP data has greatly constrained the basic cosmological parameters 

• While the analysis of data for the muon anomalous magnetic moment 
has not yet been completed, there has been further experimental results and 
theoretical analysis that have modified the theoretical Standard Model (SM) 
prediction of — 2. 

• The B-factories, BABAR and Belle measurements of the CP violating B 

decays, particularly J and B^ (pK^ impose new 

constraints on any new theory of CP violation when they are combined with 
theoretical advances that have occurred in calculating these decays. 

In addition one must continue to impose the previously known constraints 
on the SUSY parameter space. The most important of these are: 
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• The light Higgs mass bound rrih >114.1 GeV [ 1 ] 

• The b ^ sj branching ratio constraint [2] 

• The light chargino mass bound m~± >103 GeV [3] 

• The electron and neutron electric dipole moments bounds [4] 

In order to analyze these phenomea it is necessary to chose the SUSY model. 
At one extreme one has the MSSM with over 100 free parameters (with 43 CP 
violating phases). At the other one has mSUGRA with four parameters and 
one sign (often augmented with two or four additional CP violating phases). 
The large number of free parameters in the MSSM generally allows one to fit 
each experimental constraint seperately by tuning one or another parameter. For 
mSUGRA, where the parameters are specified at the GUT scale, Mg = 2x 10^® 
GeV, the situation is far more constrained. One can ask here if all the data taken 
together is still consistent with mSUGRA (or indeed with the Standard Model). 
The new B-factory data appears to be putting the greatest strain on mSUGRA, 
and if the current data is confirmed, it may be that one is seeing a breakdown of 
mSUGRA (and also the SM) for the first time and one may need a modification 
of the universal soft breaking assumptions of mSUGRA. 



2 mSUGRA Model 

We begin by reviewing the status of mSUGRA models with R-parity invariance 
as of a year ago. Recall that mSUGRA depends on the following parameters: 
mo, the universal soft breaking mass at Mq] ^ 1 / 2 ? the universal gaugino mass 
at Mg; tan^ == {H 2 )/{Hi) where ( 1 ^ 1 , 2 ) gives rise to (d, u) quark masses. In 
addition, the model allows Aq and the fi parameter to be complex (where fi is the 
Higgs mixing parameter in the superpotential term 11 H 1 H 2 ). The renormaliza- 
tion group equations (RGE) leading to electroweak symmetry breaking at the 
elect roweak scale determine |//| and so there can be two CP violating phases, 
[1 = and Aq = \Ao\e^^ (in addition to the CKM CP violating phase). 

To accomodate the electron and neutron electric dipole moments we will also 
allow the three gaugino masses at Mq to have phases: rhi = rriif 2 e^^^ with the 
convention 02 = 0 . 

The allowed parameter space for mo, mi /2 < 1 TeV is shown in Figs. 1, 
2 , 3 for tan/5 = 10, 40, 50 with Aq = 0, /i > 0 (/i real) [5]. Here the lightest 
neutralino x? is the dark matter candidate, and the narrow rising (pink) band is 
the region of parameter space where the predicted amount of relic dark matter 
left over after the Big Bang is in agreement with the CMB measurements of 
^DM = Pdm/ P c as of a year ago from the various balloon flights. Here pdm is 
the dark matter (DM) mass density, and pc is the critical density to close the 
universe { Pc = SHq/SttGn, Ho=Hubble constant, Gjv=Newton constant) 

It is important to realize that the narrowness of the dark matter allowed 
band is not a fine tuning but rather a consequence of the co- annihilation effect 
for Xi and the light fi in the early universe. This arises naturally in mSUGRA 
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m,/2[GeV] 



Fig. 1. Allowed region in the mo - mi /2 plane from the relic density constraint for 
tan/? = 10, Ao = 0 and /i > 0 [5]. The red region was allowed by the older balloon 
data, and the narrow blue band by the new WMAP data. The dotted red vertical lines 
are different Higgs masses, and the current LEP bound produces the lower bound on 
mi/ 2 . The light blue region is excluded if Sa^ > 11 x 10“^°. (Other lines are discussed 
in reference [5].) 



(and are generic features for many GUT models) due to the near accidental de- 
generacies between the fi and the Xi ^nd the fact that the Boltzman exponential 
factors in the early universe annihilation analysis produces sharp cut offs in the 
relic density. Thus the bottom of the allowed band is at the experimental lower 
bound on ^dm (where rrif^-m^o takes its minimum allowed value) and the top 
corresponds to the experimental upper bound on floM (above which 
is too large to get efficient early universe annihilation). 

If one allows mo and mi /2 to be in the multi-TeV region, two additional region 

occur with acceptable relic density [6]: (1) the “focus point” region where mo ~ 1 
TeV and mi /2 ~ 400 GeV and (2) the funnel region where mo ^ '^ 1/2 ~ 1 
TeV and tan^S is large. These have been studied by a number of authors (e.g. 
[6, 7, 8, 9, 10, 11, 12, 13, 14]). If the g^ — 2 data eventually confirms a deviation 
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m,/2[GeV] 



Fig. 2. Same as Fig. 1 for tan/3 = 40, Ao = 0, > 0 except that now that the b ^ sj 

constraint (green region) produces the lower bound on rrii /2 [5]. 



from the SM, would be eliminated (as shown in the blue regions of Figs. 1-3) 
but this is still in doubt as we discuss below. However, aside from — 2, these 
are regions of relatively high fine tuning. Thus one can define the fine tuning 
parameter 



= 



E 



dlnQ^oh^ 

A-l 



-I 1/2 



dlnai 



di = rno, mi/ 2 , etc. 



(1) 



and Hq = /i(100 km/sec Mpc). Large Aq implies significant fine tuning. Figs. 4 
and 5 [15] show the values for A^i for the focus-point region (tan/3 = 10) and the 
funnel region tan/3 = 50. One sees that in the co-annihilation region Aq 1 — 10, 
while in the focus point or funnel regions Aq ~ 100 — 1000. Whether this is an 
argument to exclude these high fine tuning regions is a matter of taste. 
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Fig. 3. Same as Fig. 2 for tan/3 = 50, Ao — 0, /i > 0. Note that the large bulge at 
lower mi /2 allowed by the older balloon data is now mostly excluded by the WMAP 
data [5]. 



3 The WMAP Data 

The Wilkinson Microwave Anisotropy Probe (WMAP) has determined the basic 
cosmological parameters with remarkable precesion. What is measured is the 
baryon density 1^^, the total density the Hubble constant 
h — H /l^{){km/ secMpc)^ as well as many other cosmological parameters. Cha- 
racterizing the difference between Otot and VLrn by a cosmological constant A, 
WMAP finds =0.044±0.004, =0.27±0.04, =0.73±0.04, h = 0.7llo;ot 

flA is in good agreement with the direct measurement of A using type lA super- 
novae [16] and h agrees very well with the Hubble Key Project’s direct measu- 
rement [17]. r^cDM is then given by and there is a general concordance 

with a cold dark matter universe with a cosmological constant. (The distinc- 
tion between a cosmological constant and and a quintessence model is not yet 
measurable). The WMAP 2a range for Ocdm is 

0.094 < OcDM^^ 0.13 



( 2 ) 
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Fig. 4. Contours of total sensitivity A^, tan/5 = 10, Aq = 0, fi > 0, rrit — 171 GeV 
[15]. 



This is to be compared with the previous balloon flight measurements of 0.07 < 
< 0.21. Thus WMAP has reduced the uncertainty in the amount of 
cold dark matter by nearly a factor of four! This can be seen in Figs. 1-3, where 
the WMAP allowed region is the narrow blue band. Particularly striking is the 
reduction of parameter space for tan/5 ~ 45 as seen in Fig.3. In addition an 
upper bound rrii /2 ~ 1 TeV is found in [12]. As the data becomes more and more 
accurates the CMB measurements will effectively determine one of the mSUGRA 
parameters i.e. determine a relation of the form (neglecting CP violating phases) 

mo = mo(mi/ 2 , Aq, tan/5, /i/l^l) (3) 



4 Update on 

While there has been no new data this year on the muon magnetic moment 
anomaly — 2), there has been a re-evaluation of some of the old 

data used to calculate the SM contribution, which has reduced the significance 
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Fig. 5. Contours of total sensitivity tan/3 = 50, Ao = 0, /i > 0, mt = 175 GeV 
[15]. 



of the effect. We begin first by reviewing where things stood last year. First, the 
current experimental values of the electron [18] and muon [19] anomalies are 

= 1159652188.3(4.2) x 10"^^ (4) 

11659203(8) x 10“^^ (5) 

The theoretical values of Ug can be expressed as a power series in a [20] 

4 

4" = E‘^n(-) + 1-70(3) X 10-12 (6) 

7T 

where 5^ begins as = 1/2 (the Schwinger term) and the last term in Eq.(6) 
are the electroweak and hadronic contributions. One equates Eqs.(4) and (6) 
and solves for a. This is currently the most accurate detremination of the fine 
structure constant at zero energy: 
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= 137.03599875(52) (7) 

This number is about 1.6(j down from the previously given values due to the 
correction of an error recently found in the term [21]. 

The SM prediction for can be divided into QED, electroweak and hadronic 
parts: 



^SM 



^QED 



^EW , had 



( 8 ) 



The QED part has been calculated through order . Fortunately, the new value 
of a does not change this significantly [21]: 



,QED 



11658470.35(28) x 10 



-10 



(9) 



The electroweak contribution has been calculated to two loop order (the two 
loop part being surprisingly large) by two groups [22, 23] with good agreement 
yielding an average 



_ 15.3(0.2) X 10"^° (10) 

The hadronic contribution can be divided into three parts, a leading order, a 
higher order and a scattering of light by light (LbL) part. The latter two have 
been done by several groups, and there is now reasoable agreement in the LbL 
part: 



hadHO 

^IJL 



-10.0(0.6) X 10' 



10. ^LbL _ 



7^ 



= 8(4) X 10 



-10 



( 11 ) 



The term which is most unclear is the leading order hadronic contribution. 
This can be calculated by using a dispertion relation: 



TO 



371^ 



/ 



4m2 S 



(T 



(0)( 



e+e 



— )> hadrons) 



r(e+e~ /i+/i~) 



( 12 ) 



In principle, one uses the experimental e"^e — )^hadrons cross section to calculate 
the integral which is dominated by the low energy part. Note that means 

the experimental cross section corrected for initial radiation, electron vertex and 
photon vacuum polarization (so one does not count the higher order contributi- 
ons). 

A large number of experimental groups have contributed to the determina- 
tion of and two independent ways have been used: 

(i) Direct measurement of cr(e+e~ — > hadrons) with the above mentioned ra- 
diative corrections made. This data has been dominated by the very accurate 
CMD-2 experiment. 

(ii) One uses the decays of the r, which goes through the vector (V) interac- 
tion, and then uses CVC to determine for y/s ~ 1.7 GeV (the kinematic 

reach of the r decay). Here one must make corrections to account for the breaking 
of CVC. This data is dominated by ALEPH. 
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The results of these calculation, as of last year were very puzzling. Three 
groups did the analysis using method (i) getting almost identitical answers [24, 
25, 26]. An average value was e~) = (683.8 ± 7.0) x However, 

using the r data (augmented by the e+e“ data at higher energy). Ref. [24] found 
^hadLOj'g+g-^ _ (^709.0 ± 5.9) X 10“^^. (In fact, the e+e~ and r data were 
inconsistent with each other at the level of 4.6cr!) The e“^e“ data gave rise to a 
3.0cr disagreement between experiment and the SM while the r gave a smaller 
l.Ocr disagreement. 

Recently, however there have been new results that have significantly reduced 
the discrepancy between the two approaches and between experiment and the 
SM. CMD-2 found an error in its analysis of the radiative correction to be made 
to their e+e“ had data (a lepton vacuum polarization diagram was omitted). 
A full re-analysis of the SM value of was then carried out in [27] with 

the results now of e~ ) = (696.3 zb 7.2) x and {rhased) — 

(711.0 ± 5.8) X 10~^^. The discrepancy with the SM now becomes 



corresponding to 1.9cr and 0.7 a descrepancy respectively. However the r data 
still disagrees with the e+e~ data at a 2.9cr level (the disagreement occuring 
particularly at y/s > 850 MeV) and so a puzzle still remains. 

One may expect some further clarification in the not too distant future. Thus 
the Brookhaven analysis of their jjL~ data should reduce the experimental error 
on Further, new data from KLOE and BABAR can check the CMD-2 

results. In Figs. (1-3), we have shown the excluded region in the parameter space 
(blue) if the descripency with the SM is 11 x 10“^^ (i.e. about \a from zero). A 
large amount of parameter space is eliminated. 

5 CP Violating B Decays 

BABAR and Belle have now measured with increasing accuracy a number of CP 
violating B decays. This has opened up new tests of the Standard Model and 
new ways to search for new physics. 

Simultaneously, improved techniques for calculating these decays have been 
developed over the past two years by Beneke, Buchalla, Neubert and Sachra- 
jda [28] (BBNS) and these procedures have been further discussed by Du et 
al. [29] . In previous analyses using the so-called “naive factorization” , decay am- 
plitudes for B Ml -b M 2 depend on the matrix elements of operators O^, 
(MiM 2|0^|H), and these matrix elements were factorized to calculate them. In 
the BBNS scheme, “non-factorizable” contributions can be calculated allowing 
the calculations of the strong phase, which is needed to discuss direct CP viola- 
tion. 




af^{e+e~) = (22.1 ± 11.3) x 10“^° 



(13) 




= (7 4 4- 40.5) X lO"’-® 



(14) 
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We consider here the decays JjQKs^ > <pKs and B^ — > cfyK^, 

The results below are presented using the BBNS analysis and we discuss here the 
decays for SUGRA models. We require, of course, the simultaneous satisfaction 
of the dark matter, the h ^ sj branching ratio, the electron and neutron EDM 
constraints etc^. 

The B-factories measure a number of parameters of the B decays that relate 
to CP violation. Thus the time dependent CP asymmetry for B^ decaying into 
a final state / is given by: 



which is parametrized by 



Af{t) = —Cf cos{ArriBt) + Sf sin(Z\mBt) (16) 



with 



o _ r - 1 - -> f)/A(B%t) ^ /)P 

— siTi2fjf , Gj* — Q , 

and AMb^ is the Bd mass difference. For charged modes one has 

_ r{B- ^ /-) - r{B+ /+) 
r{B- ^ f~) + r{B+ ^ f+) 



(17) 



(18) 



Cf and Acp give a measure of direct CP violation. In addition the branching 
ratios have been well measured. 

We consider first the decay B^ JjQKs. The BABAR and ELLE measu- 
rements give [32]. 



sin2(3j/aK. = 0.734 ± 0.055, Cj/^Ks = 0.052 ± 0.047 (19) 

In the Standard Model for any decay B^ /, sin2(3f should be close to sin2(5 
of the CKM matrix and indeed an evaluation of the CKM (3 (without using the 
B- factory data) gives [33] 



sin2(3 = O.ribtoml (20) 

in good agreement with Eq.(19). Since B^ J jQKs proceeds through the tree 

diagram in the SM while SUSY effects begin only at the loop level, one would 
expect only a small SUSY correction to sin2f3j/Qx^^ again in accord with Eqs. 
(19). Note also that the smallness of CjjQXs implies that there is very little 
direct CP violation. 

^ These B decays have been previously examined in SUSY models by a number of 
different authors [30] in low energy MSSM using the mass insertion method [31] 
and/or without taking into full account of the BBNS analysis. 
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We consider next the B -> (j)K decays. These decays begin for both the SM 
and SUSY at the loop level and so deviations from the «SM\i:esult might occur. 
Using the recent new data from Belle [34] and the preliihiioary analysis of new 
BABAR data [35] one has: 

sin2(3^Ks = -0-15 ± 0.33, - -0.10 th 0.30 (21) 

We see that sin2f3(f,Ks differs from the expected Standard Model result of 
sm2/3j/0x^ (given in Eq.(19)) by^ 2.7 a. In addition BABAR has measured [2] 
Acp{B- A = (3.9 + 8.7)%. 

Further suggestion that there may be a breakdown of the Standard Model 
comes from the BABAR and Belle measurements of the branching ratios [2] : 

Br(^^ -> (f)Ks) = (8.0 ± 1.3) x 10“® (22) 

Br(J5=^ -> (l)K^) = (10.9 ± 1.0) x 10^^ (23) 

While the BBNS analysis is a significant improvement over naive factoriza- 
tion, it is not a complete theory. The largest theoretical uncertainty comes from 
the weak annihilation diagram (where a gluon splits into two final state quarks) . 
These diagrams have divergent end-point integrals Xa (which are cut off at 
^qcd) and parametrized by: 

XA = {l + PAe^'^^)\n^^,PA<l. (24) 

^QCD 

Fig. 6 shows the dependence of Br(^^ — > (pK^) on (f)A for pa = 1? and Fig. 7 
the dependence on pA for (!)a=^^ We see that the branching ratio over the most 
of the parameter space is 4 x 10~^ and does not get large unless pA is near 
its maximum {pA — 1) and is near 0 (or 27 t). However, Figs 6 and 7 also 
show that when the branching ratio becomes large and is then in accord with 
the experimental value of Eq.(23), the weak annihilation diagram dominates the 
decay amplitude, and so the theory is least reliable. Thus in the region where 
the theory is most reliable the predicted SM branching ratio is too small and 
in order to obtain a SM value in accord with experiment, one must go to a 
region of parameters where the theory is least reliable. (A similar result holds 
for 3r{B^ (j)Ks).) However, even if one were to do this, it would not resolve 

the 2.7(7 discrepancy of sin2l3(j)Ks’) since sin2f5(j)Ks is insensitive to pA and (j)A- 
Hence that discrepancy with the SM would still remain. 

One can next ask if the SUSY corrections of mSUGRA can resolve the diffi- 
culties of the SM for the B (j)Ks decays. The answer is no. One finds, as one 
varies tan/?, Aq, mi /2 that sin2j3(fyKs — 0-b9 — 0.74 which is essentially the same 

^ The preliminary analysis of the new BABAR data is about la higher than the 
published older data[36], are so if the latter were used the discrepancy would be 
even larger 
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0 1 2 3 4 5 6 



Fig. 6. Branching ratio of B~ (j)K~ at pA = 1- The solid curve corresponds to 
pi — mb, dashed curve for p = 2.5 GeV with ms(2GeV) = 96MeV and the dot-dashed 
curve for p — mb with ms (2 GeV) = 150 MeV. The two straight lines correspond to 
the cases without weak annihilation [38]. 



as the SM value and is in disgareement with the experimental value of Eq.(21)). 
Also, unless the weak annihilation diagrams are larger Br(5 (j>Ks) ~ 4 x 10~^ 
for mSUGRA and again is too small to account for the experimental values 
of Eqs.(22) and (23). The reason mSUGRA cannot account for a reduction of 
sin2/3(j)Ks from the SM value is that in mSUGRA the only flavor violating source 
is in the CKM matrix which cannot provide enough flavor violation in the b ^ s 
transition of the B (pK decays. 



6 SUGRA With Non-Universal A Terms 

One can ask whether one can add any non-universal soft breaking terms to 
mSUGRA to try to account for the apparent disagreement between experiment 
and the SM in sin2/^0x^. In a GUT model, at least the SM gauge group must 
hold at Mq and so there are only two ways one can enhance mixing between 
the second and third generations, one can have non-universal squark masses, 
m| 3 , at the GUT scale or non-universal A terms in the u or d sectors. The first 
possibility gives rise to left-left or right-right couplings only, and it was shown in 
[37] that these produce only a small effect on the B 4>K decays. We therefore 
consider instead terms which produce left-right couplings [38]. We write 
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Fig. 7. Branching ratio of B~ <j)K~ at 0 a = 0. The solid curve corresponds to 
II — mb, dashed curve for ijl = 2.5 GeV with ms(2GeV) = 96MeV and the dot-dashed 
curve for /x = mb with ms(2GeV) = 150 MeV. The two straight lines correspond to 
the cases without weak annihilation [38]. 



+ AA^’^ 



(25) 



Here Y^d are the Yukawa matrices and so the first term in the universal con- 
tribution. We assume that has non-zero elements only for z = 2, j = 3 or 

i = 3, j = 2, and write . Tables 1 and 2, for tan/? 10 

and 40 show that there is a wide range of parameters that can accommodate the 
experimental results of Eq. (21) with AA§^ ^ 0. We assume here parameters such 
that the weak annihilation effects are small and so the theoretical uncertainty 
is reduced. In spite of this the large experimental branching ratio oi B (f)K 
are achieved as can be seen in Table 2. (Br(B=^ (pK^ is ~ 10 x 10“® for all 
entries of Table 1). The parameter space giving satisfactory results for the case 
of AA^^ ^ 0 is more restrictive generally requiring large tan/? and lower mi /2 
as can be seen in the examples in Table 3. However, it is still possible for the 
theory to be within Icr of the experiment with reasonable choices of parameters. 

In all the above cases {AA^ or AA^) the direct CP violating effects are 
small i.e. — “(2 — 3)% and also we find \Acp{B ^sl)\ = (1 — 5)%. 

We see thus that a non-universal A term can account for the B-factory results 
on J5 — > <pK decays. 
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Table 1. Sc^Ks tan j3 = 10 with non-zero A 23 and A §2 [38]. 



1^0 1 


800 


600 


400 


0 


1^^23(32) 1 


mi/2 = 300 


-0.50 


-0.49 


-0.47 


-0.43 


- 50 


mi/2 = 400 


-0.43 


-0.40 


-0.38 


-0.36 


- 110 


mi/2 = 500 


-0.46 


-0.46 


-0.44 


-0.31 


200 


mi/2 = 600 


-0.15 


-0.13 


-0.04 


0.05 


~ 280 



Table 2. S(pKs (left) and Br[R -> (j)K ] x 10® (right) at tan /? = 40 with non-zero 
and AA §2 [38]. 



1^0 1 


800 


600 


400 


0 


uii/2 = 300 


-0.40 


10.0 


-0.38 


10.0 


-0.33 


10.1 


-0.05 


10.0 


mi/2 = 400 


-0.11 


8.0 


-0.05 


8.0 


0.04 


7.9 


0.28 


8.0 


uM/2 = 500 


0.07 


6.0 


0.16 


6.1 


0.24 


6.1 


0.37 


6.2 


mi/2 = 600 


0.37 


6.2 


0.44 


6.2 


0.49 


6.2 


0.58 


6.2 



Table 3. S^Ks (left) and Br[R — >■ (j)K ] x 10® (right) at tan [3 = 4Q with non-zero 
AA 23 and AA ^2 • 



1^0 1 


800 


600 


400 


0 


l^'^M(32) 1 
(GeV) 


u^l/2 = 300 


0.03 


8.4 


0.04 


9.0 


0.01 


8.0 


0.17 


8.0 


-300 


uii/2 — 400 


-0.07 


8.5 


-0.03 


8.4 


0 


7.1 


0.32 


6.3 


~ 600 


mi /2 = 500 


0 


6.5 


0.07 


6.4 


0.18 


6.0 


0.44 


6.1 


— 800 


'mi /2 = 600 


0.27 


6.1 


0.30 


6.1 


0.35 


6.1 


0.51 


5.9 


- 1000 



7 Conclusions 

We have surveyed here three developments of the past year that have further 
narrowedithe parameter space of possible SUSY models: the new WMAP data, 
the status of the muon magnetic moment anomaly, and the Belle and BABAR 
data on ^CP violating B decays. We have examined these questions within the 
framework of SUGRA GUT models as these have fewer free parameters, and 
so are more constrained by the array of other data, the full set of all the data 
allowing one to see more clearly what the constraints on SUSY are. 

The WMAP data has determined the basic cosmological parameters with 
great accuracy, and this new data has reduced the error in the values of the cold 
dark matter density by a factor of about four. In the region of parameter space 
mo and mi /2 < 1 TeV, it implies for mSUGRA (and many SUGRA GUT models) 
that the lightest stau is only 5-10 GeV heavier than the lightest neutralino (the 
dark matter candidate). As the data from WMAP (and later Planck) become 
more and more accurate, these measurements will effectively determine mo in 
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terms of the other mSUGRA parameters, a result that could be tested later at 
high energy accelerators. 

The CMD-2 reanalysis of their — e~ data has reduced the disagreement 
between the Standard Model prediction of the muon magnetic moment and the 
Brookhaven measurements. Thus using this data one now finds a 1.9cr disagre- 
ement, but using instead the tau decay into 2 tt final states plus CVC, there is 
only a 0.7(j discrepancy. However, the matter is still not clear as the e“*" — e“ 
data is still in disagreement with the tau data at the 2.9 a level. Future precision 
data from KLOE and perhaps BaBar using the radiative return method should 
help clarify the issue as these experiments will be able to check the CDM-2 data. 
The Brookhaven analysis of their data will further reduce the experimental 
error on the muon magnetic moment. 

Perhaps the most interesting new data this year is the Belle and BABAR 
measurements of the CP violating parameters and branching ratios of — > (j)Ks 

and (j)K^. Current data for is in disagreement with the Standard 

Model at the 2.7a level, and further, SUSY corrections based on mSUCRA give 
essentially the same results as the Standard Model. In addition, over most of the 
parameter space, the Standard Model and mSUCRA predict branching ratios 
for these decays that are a factor of two or more too low. SUCRA models offer 
an essentially unique way of accommodating both anomalies by adding a non- 
universal contribution mixing the second and third generations in either the up 
or down quark sectors to the cubic A soft breaking terms at Mq • If added to the 
down quark sector, this term would also lower the CP odd Higgs mass opening 
up a new region in the mo — mi / 2 plane satisfying the relic density constraint. 
(Dark matter detector signals would not be increased, however.) If added to the 
up quark sector it would lower the stop mass again giving a new region consistent 
with dark matter, and making the ii more accessible to colliders. Thus if this new 
data is further confirmed, it would indicate the first breakdown of the Standard 
Model and perhaps point to the nature of physics at the CUT and Planck scales, 
as string models with this type of non- universality can be constructed. 



Acknowledegement 

This work was supported in part by a National Science Foundation Crant PHY- 
0101015 and in part by the Natural Sciences and Engineering Research Council 
of Canada. 



References 

1 . P. Igo-Kemenes, LEPC meeting, 2000 

(http:/ /lephiggs.web.cern.ch/LEPHIGGS/talks/index.html) 

2. Heavy Flavor Averaging Group 

(http: / /www. slac.stanford.edu/xorg/hfag/index.html) 



40 



Richard Ar nowit t et al. 



3. The ALEPH collaboration, ALEPH-CONF. 2001-009 

4. Particle Data Group, K. Hagiwara et aL, Phys. Rev. D 66, 010001 (2002) 

5. R. Arnowitt, B. Dutta, T. Kamon and V. Khotilovich, hep-ph/0308159 

6. K. L. Chan, U. Chattopadhyay and P. Nath, Phys. Rev. D 58, 096004 (1998) 
[hep-ph/9710473] 

7. J. L. Feng, K. T. Matchev and T. Moroi, Phys. Rev. D 61, 075005 (2000) [hep- 
ph/9909334]; Phys. Rev. Lett. 84, 2322 (2000) [hep-ph/9908309] 

8. U. Chattopadhyay, A. Corsetti and P. Nath, Phys. Rev. D 68, 035005 (2003) [hep- 
ph/0303201] 

9. H. Baer, C. Balazs, A. Belyaev, T. Krupovnickas and X. Tata, JHEP 0306, 054 
(2003) [hep-ph/0304303] 

10. H. Baer, C. Balazs, A. Belyaev and J. O’Farrill, hep-ph/0305191 

11. J. R. Ellis, K. A. Olive, Y. Santoso and V. C. Spanos, hep-ph/0305212 

12. J. R. Ellis, K. A. Olive, Y. Santoso and V. C. Spanos, Phys. Lett. B 565, 176 
(2003) [hep-ph/0303043] 

13. H. Baer and C. Balazs, JCAP 0305, 006 (2003) [hep-ph/0303114] 

14. A. B. Lahanas and D. V. Nanopoulos, Phys. Lett. B 568, 55 (2003) [hep- 
ph/0303130] 

15. J. R. Ellis, K. A. Olive and Y. Santoso, New J. Phys. 4, 32 (2002) [hep-ph/0202110] 

16. J. L. Tonry et al, Astrophys. J. 594, 1 (2003) [astro-ph/0305008]; R. A. Knop et 
al, astro-ph/0309368 

17. W. L. Freedman et al, Astrophys. J. 553, 47 (2001) [astro-ph/00 12376] 

18. P. J. Mohr and B. N. Taylor, Rev. Mod. Phys. 72, 351 (2000) 

19. G. W. Bennett et al [Muon g-2 Collaboration], Phys. Rev. Lett. 89, 101804 (2002) 
[Erratum-ibid. 89, 129903 (2002)] [hep-ex/0208001] 

20. A. Nyffeler, hep-ph/0305135 

21. T. Kinoshita and M. Nio, Phys. Rev. Lett. 90, 021803 (2003) [hep-ph/0210322] 

22. M. Knecht, S. Peris, M. Perrottet and E. De Rafael, JHEP 0211, 003 (2002) [hep- 
ph/0205102] 

23. A. Czarnecki, W. J. Marciano and A. Vainshtein, Phys. Rev. D 67, 073006 (2003) 
[hep-ph/0212229] 

24. M. Davier, S. Eidelman, A. Hocker and Z. Zhang, Eur. Phys. J. C 27, 497 (2003) 
[hep-ph/0208177] 

25. K. Hagiwara, A. D. Martin, D. Nomura and T. Teubner, Phys. Lett. B 557, 69 
(2003) [hep-ph/0209187] 

26. F. Jegerlehner, J. Phys. G 29, 101 (2003) [hep-ph/0 104304] 

27. M. Davier, S. Eidelman, A. Hocker and Z. Zhang, hep-ph/0308213 

28. M. Beneke, G. Buchalla, M. Neubert and C. T. Sachrajda, Phys. Rev. Lett. 83, 
1914 (1999); [hep-ph/9905312]; Nucl. Phys. B 591, 313 (2000); [hep-ph/0006124]; 
Nucl. Phys. B 606, 245 (2001). [hep-ph/0104110] 

29. D. s. Du, H. j. Gong, J. f. Sun, D. s. Yang and G. h. Zhu, Phys. Rev. D 65, 094025 
(2002) [Erratum-ibid. D 66, 079904 (2002)] [hep-ph/0201253]; D. s. Du, J. f. Sun, 
D. s. Yang and G. h. Zhu, Phys. Rev. D 67, 014023 (2003). [hep-ph/0209233] 

30. A. Kagan, hep-ph/9806266; talk at the 2nd International Workshop on B physics 
and CP Violation, Taipei, 2002; SLAG Summer Institute on Particle Physics, Au- 
gust 2002; G. Hiller, Phys. Rev. D 66, 071502 (2002) [hep-ph/0207356]; A. Datta, 
Phys. Rev. D 66, 071702 (2002) [hep-ph/0208016]; M. Ciuchini and L. Silvestrini, 
Phys. Rev. Lett. 89, 231802 (2002) [hep-ph/0208087]. B. Dutta, C. S. Kim and 
S. Oh, Phys. Rev. Lett. 90, 011801 (2003) [hep-ph/0208226]; S. Khalil and E. Kou, 



Dark Matter, Muon g-2 and Other SUSY Constraints 



41 



Phys. Rev. D 67 , 055009 (2003) [hep-ph/02 12023]; S. Baek, Phys. Rev. D 67 
(2003) 096004 [:hep-ph/0301269j; C. W. Chiang and J. L. Rosner, Phys. Rev. D 68, 
014007 (2003) [hep-ph/0302094]; A. Kundu and T. Mitra, Phys. Rev. D 67 , 116005 
(2003) [hep-ph/0302123]; K. Agashe and C. D. Carone, Phys. Rev. D 68, 035017 
(2003) [hep-ph^304229j; G. L. Kane, P. Ko, H. b. Wang, C. Kolda, J. h. Park and 
L. T. Wang, Phys. Rev. Lett. 90 (2003) 141803 [hep-ph/0304239]; D. Chakraverty, 
E. Gabrielli, K. Huitu and S. Khalil, hep-ph/0306076; J. F. Cheng, C. S. Huang 
and X. h. Wu, hep-ph/0306086 

31. L. J. Hall, V. A. Kostelecky and S. Raby, Nucl. Phys. B 267 , 415 (1986); F. Gab- 
biani, E. Gabrielli, A. Masiero and L. Silvestrini, Nucl. Phys. B 477 , 321 (1996). 
[hep-ph/9604387] 

32. G. Hamel De Monchenault [BABAR Collaboration], hep-ex/0305055 

33. A. J. Buras, hep-ph/0210291 

34. K. Abe [Belle Collaboration], hep-ex/0308035 

35. T. Browder, talk given at XXI international symposium on lepton and photon 
interactions at high energies, Fermi National Accelerator Laboratory, Aug. 12, 2003 
(http://conferences.fnal.gOv/lp2003/program/S5/browder_s05_ungarbled.pdf) 

36. B. Aubert et al. [BABAR Collaboration], hep-ex/0207070 

37. G. L. Kane, P. Ko, H. b. Wang, C. Kolda, J. h. Park and L. T. Wang, Phys. Rev. 
Lett. 90 (2003) 141803 [hep-ph/0304239] 

38. R. Arnowitt, B. Dutta and B. Hu, to appear in Phys. Rev. D [hep-ph/0307152] 



On CPT Symmetry: Cosmological, 
Quantum-Gravitational and Other Possible 
Violations and Their Phenomenology 



Nick E. Mavromatos 

King’s College London, Department of Physics-Theoretical Physics, Strand, 

London WC2R 2LS, U.K, and 

Departamento de Fisica Teorica, Universidad de Valencia, E-46100, Burjassot, 
Valencia, Spain. 

Abstract. I discuss various ways in which CPT symmetry may be violated, and their 
phenomenology in current or immediate future experimental facilities, both terrestrial 
and astrophysical. Specifically, I discuss first violations of CPT symmetry due to the 
impossibility of defining a scattering matrix as a consequence of the existence of micros- 
copic or macroscopic space-time boundaries, such as Planck-scale Black-Hole (event) 
horizons, or cosmological horizons due to the presence of a (positive) cosmological 
constant in the Universe. Second, I discuss CPT violation due to breaking of Lorentz 
symmetry, which may characterize certain approaches to quantum gravity, and third, 
I describe models of CPT non invariance due to violations of locality of interactions. 
In each of the above categories I discuss experimental sensitivities. I argue that the 
majority of Lorentz- violating cases of CPT breaking, with minimal (linear) suppression 
by the Planck-mass scale, are already excluded by current experimental tests. There 
are however some (stringy) models which can evade these constraints. 



1 CPT Breaking and the Scattering Matrix 

The symmetry under the successive operations (in any order) of charge con- 
jugation, C, parity (reflexion), P, and time reversal, T, known as CPT, is a 
fundamental symmetry of any local quantum field theory in flat space time, 
under the following assumptions [1]: 

• (i) Unitarity and the proper definition of a scattering matrix, 

• (ii) Lorentz Invariance and 

• (iii) Locality of Interactions 

In the presence of gravity, i.e. non-Minkowski, non-flat space time backgrounds, 
CPT symmetry may be violated , at least in in its strong form . This is indeed the 
case of singular space-time gravitational backgrounds, such as black holes, or in 
general space times with boundaries. The reason is that in such cases the presence 
of these boundaries jeopardizes requirements (i) and (ii) of the CPT theorem. 
In a quantum context, a Black hole evaporates due to Hawking radiation, and 
as such it may ‘capture’ for ever information on matter states passing nearby, 
as depicted schematically in figure 1. 
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SPACE-TIME FOAMY SITUATIONS 
NON UNITARY (CPT VIOLATING) EVOLUTION 
OF PURE STATES TO MIXED ONES 




1 ••• > ^ut density matrix 

modified temporal evolution of p: = Tr | \i/ >< \!/| 

f p = i[p,HJ + AH(p)p 

X \ 

quantum media- quantum mechanics 
nical terms violating term 



Fig. 1. When matter states pass by an evaporating Black Hole, information is lost 
inside the horizon. In a quantum gravity context, such black holes may appear as 
fluctuations of the geometry of microscopic (Planck) size, which results in the evolution 
of pure states to mixed for asymptotic observers, and hence in unitarity loss, and 
consequently CPT violation. 



In such a case, one may not be able to define properly asymptotic state vectors 
1^ > in a quantum context, given that Planck size black hole horizons appear as 
fluctuations of the geometry, and hence an asymptotic observer will necessarily 
trace out the information captured by the horizons. This means that the out 
states will be necessarily described by density matrices , p = Trunobsl'V^ >< 

One has therefore an evolution from pure states to mixed, and unitarity is lost. 
The problem in defining asymptotic state vectors also implies the impossibility 
of defining a proper scattering S'-matrix, since the latter connects by definition 
“in” and “out” state vectors: \OUT >= S\IN >. Instead, one can only define 
a Hawking $-matrix [2], which connects IN and OUT mixed states described by 
density matrices : 



Pout — ( 1 ) 

where $ with S = the S-matrix, and H the Hamiltonian of the 

matter subsystem. The $-matrix has no inverse , as a consequence of the loss of 
information encountered in the problem. 

This, in turn, results [3] in the impossibility of defining a proper CPT opera- 
tor for such a system, and hence CPT symmetry is violated in its strong form. 
The proof is elementary but instructive, and hence we give it here for completen- 
ess. Consider an initial (t — oo) density matrix, piNi which may or may not 
correspond to a pure state. Let pouT be the corresponding OUT state {t +oo). 
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which is definitely a mixed state in the case at hand (c.f. figure 1). Assume that 
there exists a unitary, invertible quantum-mechanical CPT operator O : 

&PiN = Pout 5 Pout == O ^ pj^ 

^PiN — Pout (^) 

From (1), (2) we may write: pouT = &PiNi from which: pouT = 

P/ 7 V -However, from (1) we can rewrite this equation in the form: 

0~^$0~^$pi]S[ = Pin (3) 

which implies the existence of an inverse 0~^$0~^ of the $-matrix, which as 
explained above does not exist as a result of the information loss in the problem. 
Thus, we conclude that in the black hole case of figure 1, or any other case of 
an open quantum mechanical system with unitarity (information) loss, a strong 
form of CPT invariance cannot hold [3]. 



2 Cosmological Constant, $-matrix and CPT Breaking 



The conclusions of the previous section may be extended to cases of interest in 
astrophysics, involving space-time boundaries across which (quantum) informa- 
tion is lost. Such a case is that of a Robertson- Walker expanding Universe with 
a positive cosmological constant A > 0. In such a Universe the density of matter 
scales with the scale factor a{t) as: p ~ a~^, while the presence of a cosmolo- 
gical constant results in a “vacuum energy density” pA that remains constant , 
and hence eventually dominates the expansion of the Universe, forcing the latter 

to enter a (de Sitter) phase of exponential expansion, a{t 00 ) ~ and 

hence eternal acceleration. In such a case there is a cosmic horizon, i.e. a surface 
beyond which a cosmological observer in our Universe cannot see, given that 
the light takes infinite time to traverse the (finite) distance corresponding to the 
horizon radius 6 : 




cdt 

a(t) 



< 00 



( 4 ) 



The presence of a cosmic horizon makes the case of an eternally accelerating 
Universe with a (positive) cosmological constant A somewhat similar to the 
Black Hole case of figure 1. The important difference is that in the A-Universe the 
observer lives inside the cosmic (Hubble) horizon, in contrast to the Black Hole 
case, where the observer lives outside the event horizon. Nevertheless, in both 
cases, one cannot define proper asymptotic states, in the sense of information 
loss across the space-time boundary , and hence the $ matrix is non factorisable: 
an S-matrix cannot be defined for the problem. According to the discussion in 
the previous section, therefore, one expects [3] a breaking of CPT symmetry 
in its strong form. IN this case, we call this type of breaking Cosmological , to 
distinguish its global nature from the microscopic black hole case of figure 1, 
which we refer to as local quantum gravity type of CPT breaking. 



A(m-M) (mag) m-M (mag) 
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(a) 



Fig. 2a. Supernovae la data on the current acceleration of the Universe. 
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Angular scale (dag) 

90 2 0.5 0.2 




Muttipota moman^ L 

Fig. 2b. Cosmic Microwave Background Data also point towards a current ac- 
celeration in the sense of a non-zero vacuum energy density of the Universe, 
covering 73% of its energy content. 

It must be mentioned at this stage that current astrophysical evidence (either 
by direct measurements of the acceleration of the Universe using supernovae 
type -la data [4] (c.f. figures 2a) or indirect evidence from Cosmic Microwave 
Background (CMB) anisotropies [5] (c.f. figure 2b) ) points towards a dark energy 
component of the Universe, which covers 73% of its energy content. Best-fit 
models to the current data are consistent with a Cosmological Constant A- 
Uni verse [4, 6]. 

It is physically interesting, therefore, to ask what happens with CPT invari- 
ance of a quantum field theory when placed in such Universes (global gravita- 
tional backgrounds) . From the previous arguments [3] one expects Cosmological 
Breaking of the CPT theorem. An immediate question concerns the order of 
magnitude of such a breaking. Certainly it is expected to be proportional to the 
cosmological constant A, but since the latter is a dimensionful quantity the order 
of the associated CPT violation should depend on the specific context conside- 
red. The natural framework will be to consider the time evolution of the density 
matrix pm of matter in a A-Uni verse. The analogy with open system quantum 
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mechanics, as well as the Black Hole case (c.f. fig.l), implies the following mo- 
dified evolution equation: 

dtPm ~ '^\P m ? H] + 6H{p 

m ) (5) 

where H is the Hamiltonian of the matter subsystem, and 5H(pm) is in general 
non linear, and expresses the interaction of the matter subsystem with the “envi- 
ronment” . In the cosmological case this environment consists of long- wavelength 
modes (or parts thereof) which lie outside the Hubble cosmic horizon (4). To 
leading order one may assume approximately that terms linear in pm in 5H{pm) 
determine to a satisfactory degree the low-energy physics, accessible to particle 
physics experiments. Then, linear evolutions of the type (5) may be restricted 
according to the Lindblad form [7]: 

dtPm = i[pm, + X] ajpma] - ^ {a]ajp + pa]a^ (6) 

i 

with aj,aj operators expressing the interaction with the environment (the set 
may even be infinite). The form (6) is valid upon some reasonable assumptions 
about positivity of conservation of its trace Trp^=const, etc. Such assump- 
tions may not be valid in some models of quantum gravity, but one may be 
confident that they at least characterize the cosmological constant Universe un- 
der consideration. To adapt (6) in a cosmological context one needs a specific 
and detailed model. 



3 Non-Critical Strings, Cosmological Constant 
and the Order of CPT Violation 

One such model, to which we shall restrict our attention in this review, is 
provided within the framework of the so-called non-critical (Liouville) string 
theory [8], which - as argued in [9] - is an appropriate framework for describing 
non-equilibrium string theories. The immediate question, of course, is whether 
the H-Universe is a non equilibrium system. 

The answer to such a question depends on the definition of “equilibrium” in 
string theory, which should not be confused with the ‘thermal’ one. In the first 
quantized version of strings we define [9] as ‘equilibrium theories’ the stringy a- 
models whose target-space backgrounds correspond to conformal world-sheet 
couplings, in other words have vanishing world-sheet renormalization-group 
(RG) /3-functions 

^ Actually, diffeomorphism invariance of the target space requires [10] that the (3'^ in 
(7) are the so-called Weyl- anomaly coefficients and not simply the RG ^3- functions 
Prg = dg^ I dhip^ with Inp a world-sheet scale. One has: (3'^ = P\iq 5 where 
5g^ correspond to variations of the background fields g^ under target-space diffeo- 
morphisms. For instance, for graviton backgrounds one has to 0[a')j with a the 
Regge slope: (3^i, = a'R^u -f- where W[g] is a scalar function of the 

backgrounds. To 0{a'), W[g] is the dilaton 
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=0 (7) 

{^m. } 

where correspond to correlation functions of vertex operators of the a- 

model, and are a-model couplings/target-space background fields. The theory 
space indices ij are raised and lowered by a specific metric to be discussed 
below. Such equations determine specific (conformal) string backgrounds. As 
target space equations, they can be expanded in configuration space in powers 
of a' — i‘1 = where Ms the string mass scale. This is a free parameter 

in string theory, and, thus, may be different from the four-dimensional Planck 
mass Mp - 10^^ GeV. 

To lowest order in a', in the case of a gravitational background only, the 
respective /?- function is just the Ricci tensor: 

(3^^ = a'R^, ( 8 ) 

where /x, z/ are space time indices. Thus, if other backgrounds are ignored, the 
condition (7) implies Ricci fiat backgrounds. Such backgrounds are solutions of 
Einstein equations, which thus reconciles General Relativity with stringy Con- 
formal Invariance, at least at the level of equations of motion in target space [10]. 
The equivalence is more general, given that for arbitrary backgrounds {g'^} of a 
stringy cr-model one can prove [11] a gradient fiow property of the /3^-functions: 

^ = ^ 2-2 ^ yiyj > ^ 9 ) 

dgo 

where z, z are (Euclidean) world-sheet coordinates, is the Zamolodchikov 
(inverse) metric in theory space {g^}, and S[g] is a target-space diffeomorphism 
invariant functional of g, playing the role of an effective action. Since, at least 
perturbatively in (weak) couplings the function is invertible, one con- 
cludes that the conformal invariance conditions (7) are, at least perturbatively 
in equivalent to on-shell equations of motion = 0. When such on-shell 
conditions are satisfied we speak of ‘equilibrium points’ in string theory space. 

The issue of non-critical strings arises in connexion with non- vanishing /3^ 

0, which in view of the above considerations also implies off shell backgrounds 
in the sense of ^ 0. This is what we consider [9] as a non-equilibrium case 
in string theory. 

In the latter case, conformal invariance of the cr-model may be restored by the 
introduction of an extra cr-model coordinate, the Liouville field [8], (^(z,z), the 
zero-mode of which may be viewed [9] as the world-sheet RG scale. The important 
point is that upon Liouville dressing of the non-conformal vertex operators [8], 
the stringy cr-model in the extended ((D-hl)-dimensional) target space (X^, (^), 
/X = 0, . . . , — 1, is conformal . 

A detailed analysis [8], shows that near a fixed point in theory space {g^} 
(where cr-model perturbation theory is valid) the Liouville dressed [8] couplings 
\^{(p,g^) ‘obey the following equation: 
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V" + Q[A^<p]A*' = -/3*(A^) (10) 

where the prime denotes differentiation with respect to the world-sheet zero 
mode of is the world-sheet Weyl anomaly coefficient but with re- 

placed by the Liouville dressed couplings A-^ , and the minus sign in front of it is 
valid for supercritical string theories, i.e. for deformed cr-models with the run- 
ning central charge C[g] > 9 (for superstrings), where we shall concentrate on 
for the purposes of this review. In this case the Liouville mode has a time-like 
signature [12], and we interpret it as target time [9]. 

A solution to order g‘^ of (10) reads: 

X\g\ g>) = + 0{g^) (11) 

with the O.P.E. appearing in the /^-functions (c.f. (7)). The quantities 
are the gravitational anomalous dimensions [8], which are defined as follows: if 
we expand Q^[A] = Q‘i + 0{g‘^)^ where Q‘1 =const, then satisfy: a^{a^ -\-Q^) = 
— (Z\^ — 2), with Ai the conformal dimension of the vertex operator corresponding 
to the coupling Note that — 2 is the anomalous dimension of this coupling 
under quantum (world-sheet) corrections. 

Let us now consider the A-Universe as a non-conformal gravitational backgro- 
und of a string [9]. The background is non-conformal since to 0{a') the relevant 
Einstein equation is: 



= {a'fAg^^ 7^ 0 ; yl > 0 , (12) 

from which we observe that the relevant a-model Weyl anomaly coefficient (3^ 
is non zero (c.f. (8)). 

The conventional framework in string theory is to interpret such non- 
vanishing contributions to the /^-functions as arising from higher world-sheet 
topologies, e.g. dilaton tadpoles , which contribute to the ultraviolet world-sheet 
divergences and thus need regularization. Such a regularization can be taken 
care of by adding appropriate counterterms at a tree level in the cj-model, which 
are such so as to cancel the higher-genus infinities [13]. 

The problem with such an approach is the convergence of the higher-genus 
surface resummation, as well as the fact that if this were the mechanism for 
generating a cosmological constant in string theory, the resulting value should 
be expected on generic grounds to be of order Planck (in appropriate units). 
It would be very hard to reconcile such a mechanism with the smallness of the 
currently observed cosmological constant [6] . 

In [9] we have proposed an alternative approach, which allows for relaxation 
mechanisms to be employed in string theory, based on the above-described Liou- 
ville string approach. According to the latter, we may view the A-Uni verse as 
a non-critical cr-model which needs Liouville dressing. The origin of the non- 
criticality in this approach is an issue that can be dealt with in the context of 
detailed models [14, 15], which we shall not describe here. For our purposes we 
only mention that departure from conformality may be induced, for instance. 
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by cosmically catastrophic events, such as the collision of two brane worlds [15]. 
The non-critical a-model in such a case represents stringy matter excitations on 
the brane corresponding to the observable world, and the initial central charge 
deficit is nothing other than the effective potential between the two branes when 
they are closed to each other (soon after the collision). The latter can then be 
computed by perturbative methods via the exchange of pairs of open strings 
stretched between the branes. 

We note at this stage that the advantage of this approach is that now higher 
genus world-sheet or other effects may generate Planck size cosmological con- 
stant, which, however, upon appropriate Liouville dressing results in relaxing 
to zero vacuum energy density, once the Liouville mode is identified with the 
cosmological target time [9] . 

This identification constraints the dynamics of the (D-j- 1) -dimensional space 
time on a D-dimensional hypersurface. It is important to notice that in cases of 
physical interest [15] such a constraint is obtained dynamically , as corresponding 
to minimization of an appropriate effective potential in the D-dimensional target 
space. 

Upon this identification, one can show [9] that the time evolution of a matter 
density matrix propagating in such non-critical string backgrounds, has the 
form: 



= i[pm,H]+ ■■ P\X)Qij[^\Pm] ■ (13) 

where 1~L is the matter low-energy Hamiltonian, and the : • • • : denote appropriate 
normal ordering of the quantum operators A* In this sense, one may view the 
various partitions of the operator p'^Qij, which is expanded in powers of A% 
as expressing the various Lindblad “environmental” operators for the Liouville 
string. The presence of the environment is manifested through the non- vanishing 
^ 0, and is attributed to the fact that the set of the background couplings 
g'^ considered in the deformed cr-model at hand is not a complete one . In con- 
crete examples [9, 14, 15] including black hole and other singular backgrounds 
in string theory, such as colliding branes, one may indeed identify cr-models in 
which exactly marginal deformation operators may be constructed, which howe- 
ver involve either non-propagating or, in general, inaccessible to local scattering 
experiments solitonic gravitational degrees of freedom. Truncating the theory to 
the local degrees of freedom accessible to low-energy experiments, then, defines 
an effective non-critical (Liouville) string theory. 

The presence of the non-Hamiltonian terms in (13), proportional to (3'^ ^ 0, 
implies breaking of CPT symmetry in target space, due to the fact that, in 
general, a proper S-matrix cannot be defined in Liouville strings [9] . This stems 
from a steepest-descent contour over which one defines the Liouville-mode path 

^ In (j- model perturbation theory, target-space canonical quantization is achieved for- 
mally upon summing up world-sheet topologies [9]. It can be shown that the Helm- 
holtz conditions for canonical quantization in Liouville cr-models are preserved upon 
the identification of time with the Liouville mode. 
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Fig. 3. Steepest-descent contour for integrating the Liouville zero mode 99 in a non- 
critical cr-model. The curve lies in the complexified world-sheet area A plane. Upon the 
identification of the Liouville mode with the target time this contour becomes similar 
to closed time like paths in open (non-equilibrium) field theories, and leads to non 
factorisable $-matrices, $ ^ ^ due to world-sheet ultraviolet infinities (in the region 

A -> 0). 



integral in a cr-model [9, 16] (c.f. figure 3). The non-factorisability of the $-matrix, 
$ 7^ and hence the ill-definition of a proper scattering amplitude, in such 

cases is due to ultraviolet divergences in the small- world-sheet-area limit [9]. On 
the other hand, in the infrared limit, A ^ 00, the critical string situation, with 
a well-defined S-matrix, is recovered. The above observations follow formally 
from considering infinitesimal world-sheet Weyl transformations of correlation 
functions of vertex operators [9]. Let an N-point correlator. An =< V\ . . . Vn >, 
of a Liouville cr-model, on a world-sheet with metric 7 q,/ 3, [3 = 1,2, and consider 

an infinitesimal Weyl transformation 7^/5 (1 -h kl << 1- After 

some straightforward computations one obtains [9]: 

S.An - i E(^ + f )) (14) 

where A is the world-sheet area (in a ‘fixed- A’ cr-model formalism [8]), Q is the 
central charge deficit of the non-critical string, and the cr’s are the gravitatio- 
nal anomalous dimensions of the various couplings corresponding to the vertex 
operators Vi. Notice that the first term on the right hand side of (14) is inde- 
pendent of the area A, and transforms covariant ly under Weyl shifts. This is 
the term that survives the critical string limit. On the other hand, the second 
set of terms transform anomalously , proportionally to the sum of the Liouville 
anomalous dimensions and the central charge deficit, and hence are exclusive 
to the Liouville nature of the cr-model. Such terms vanish only in the critical 
case, or in the infrared limit A 00 , where the non-critical string approaches 
a critical-string equilibrium situation [9]. Notice also that due to the presence 
of these 1/A-terms, there are ultraviolet world-sheet divergences in the region 
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A 0, which, result in an ill-defined scattering amplitude. In a critical string 
theory such ^-dependent terms are absent, and hence the correlator has a well- 
defined meaning as a scattering amplitude. On the other hand, if one defines 
the Liouville- mode-path-integrated correlator An on the regularizing contour 
of fig. 3, such divergences are regularized, but, as mentioned earlier, the resul- 
ting expression is identified with a $-matrix element, rather than a scattering 
amplitude [9]. In this context, the world-sheet divergences may thus be held 
responsible for the non factorisability of the $-matrix to a product of proper 
scattering amplitudes. 

The lack of this property, implies, then, according to the arguments of [3] 
reviewed above, a violation of CPT symmetry, at least in its strong form. From 
(13) we observe that this violation if proportional to In the cosmological case 
of the T-Universe under consideration the non-criticality is determined primarily 
by the graviton /^-function (8), which in turn implies that the CPT-breaking 
terms in the evolution equation (13) are of order (in, say, GeV): 

Cosmological CPT — breaking in Liouville string = O (15) 

If one identifies £s with IjMp^ with Mp ~ 10^^ GeV, the four-dimensional 
Planck scale, and takes into account the current observational limits of A < 
IQ- 123 cosmological CPT violating terms in (15) are of order less 

than 10“^^^Mp 10“^*^^ GeV. This is too small to be detected in current or im- 

mediate future particle physics experiments, such as neutral kaon facilities [17], 
which are considered as sensitive probes of tests of quantum mechanics [18, 66]. 
However, from our considerations above, it follows that astrophysical observati- 
ons, either through supernovae [4] or through CMB precision observations [6], 
exhibit sensitivity that reach such small scales indirectly, and hence once the 
presence of a cosmological constant is confirmed in the future, this may be con- 
sidered also as an indirect observation of an induced cosmological CPT violation, 
in the sense defined above. 



4 Phenomenology of CPT-Violation 
Due to Unitarity Breaking 

In general, within a quantum-gravity (QG) context, the Lindblad type violation 
of CPT implied by evolution equations of the form (6), or (13) may be tested 
in particle physics neutral meson experiments such as neutral kaons [18, 66], gi- 
ven that quantum gravity induced local violations of unitarity, due to processes 
involving fluctuating microscopic black holes (c.f. figure 1) may be much larger 
than the above-mentioned global effects (15). This is due to the fact that such 
local effects do not necessarily have the time-attenuation factor that characte- 
rizes the above-mentioned relaxation models of the cosmological constant. For 
instance, consider the case of a string propagating in a Black Hole background. 
As explained in [9] , in this case the violation of world-sheet conformal invariance 
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is due to interactions with the foam, as a result of the truncation of the set of 
background fields to propagating degrees of freedom only. 

In other words, the coefficients in (7), which would vanish identically 

if the set of couplings were complete (exactly marginal deformations), are now 
different from zero by terms corresponding to massive string states (with masses 
which are multiples of Mg, the string mass scale). The latter are either non- 
propagating d.o.f. or solitonic states inaccessible in principle to local scattering 
experiments, such as global Bohm-Aharonov phases of matter wave functions 
induced by the quantum gravity singular metric fluctuations [9]. In this case 
one can expect to be expanded in a power series of where is an 

(invariant) four-momentum scale, since only closed string scattering amplitudes 
correspond to gravitational degrees of freedom [10] Unless prevented by special 
reasons, which are not expected in general, the series starts from a'k“^ = k^ 
which in a Lorentz invariant theory is of order jM‘^^ where m a characteristic 
(rest) mass scale in the problem. This is the order of the /^-functions appearing 
in (13), and hence in such a case one would have: 



QG — induced OPT — breaking in Liouville string = O 




(16) 



As mentioned above, the string mass scale Mg may or may not be equal to 
the four-dimensional Planck mass Mp ~ 10^^ GeV. Thus, if such a situation is 
actually encountered in nature, the associated CPT breaking effects are much 
larger than the cosmological effects (15). This is due to the fact that in these 
examples the conformal invariance is violated at tree level in a world-sheet genus 
expansion, due to a truncation of the spectrum. If the violation occurs at higher 
genera, as could be the case of a more conventional violation due to graviton 
loops in a field-theory context, then one expects in that case a further suppression 
of (16) by an extra factor m/M^, i.e. one has CPT-violating terms of order 
C>(mVM2). 

Such effects may then be bounded (or tested!) experimentally by taking into 
account that their presence may induce decoherence and oscillations in, say, 
neutral mesons [18, 66, 20, 21], neutrinos [22, 23] etc. . We shall discuss first the 
neutral meson case, concentrating on the most sensitive probe that of neutral 
kaons. 

The QG induced oscillations are between Kaon and its antiparticle 
K [18, 66]. The modified evolution equation for the respective density matri- 
ces of neutral kaon matter in the linearized approximation, (6) or (13), can be 
parametrized as follows [18]: 



dtp = i[p,H] + 5fIp , 



where 



If open strings are involved, the power series corresponds to gauge excitations, and 
the expansion is in terms of \/~^\k\. 
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-\5r -r -2ReMi2 -2ImMi2 

— Iih 7~12 2ReA^i2 — ^ — 5M 

-ReAs -2ImMi2 5M -F ) 



and 






/OO 0 0 \ 

00 0 0 

0 0 -2a -2p 



\0 0 -2P - 27 / 

Positivity of p requires: a ,7 > 0, > j3‘^ . Notice that a ,/?, 7 violate CPT, 

as they do not commute with a CPT operator 0 connecting to K [19]: 
0 = cos 0 + ct 2 sin 6, [Sflap, 0] ^ 0 . 

An important remark is now in order. We should distinguish two types of 
CPT violation (CPTV): (i) CPTV within a Quantum Mechanical formalism: 
5M = mj^o — m^o, 6F = This could be due to (spontaneous) 

Lorentz violation and/or violations of locality (c.f. below). 

(ii) CPTV through decoherence a ,/?, 7 (entanglement with QG ‘environment’, 
leading to modified evolution for p (5) and % ^ S S^). 



Table 1. Qualitative comparison of predictions for various observables in CPT- 
violating theories beyond (QMV) and within (QM) quantum mechanics. Predictions 
either differ (7^) or agree (— ) with the results obtained in conventional quantum- 
mechanical CP violation. Note that these frameworks can be qualitatively distinguished 
via their predictions for At, Acpt, A Am, and C- 



Process 


QMV 


QM 


A‘2 .tx 


/ 




Astt 






At 




= 


Acpt 


= 


# 


A Am 




= 


c 




= 



The important point is that the two types of CPTV can be disentangled 
experimentally [19]. The relevant observables are defined as (Oi) = Tr [Oip]. For 
neutral kaons, one looks at decay asymmetries for , defined as: 

... ^ mto ^ /) - R{K?=o /) 

^ f) + R{Kt^ ^ f) ^ 

where R{K^ -> /) = Tr [Ofp{t)] = denotes the decay rate into the final state / 
(starting from a pure state at t = 0 ). 
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In the case of neutral kaons, one may consider the following set of asymme- 
tries: (i) identical final states: f = f = 27 t : A2tt , (h) semileptonic : At (final 

states / = -k^I~9 ^ J = 7t“/+0) ^cpt (/ = 7 r+/“z>, / = 7 r“/+p), A^rn- Typi- 
cally, for instance when final states are 27 t, one has a time evolution of the decay 
rate i ^ 27r - R2nit) = cs -\-cl e~^^^ -\- 2 ci e~^^ cos{ Amt — (j)) ^ where 5=short- 

lived, L=long-lived, /^interference term, Am = mL — ms, r = |(/5 + A.)- 
One may define the Decoherence Parameter (^ = 1 — as a measure of 

quantum decoherence induced in the system. For larger sensitivities one can 
look at this parameter in the presence of a regenerator [19]. In our decoherence 
scenario, ^ depends primarily on j3^ hence the best bounds on [3 can be placed 
by implementing a regenerator [19]. 

The experimental tests (decay asymmetries) that can be performed in order 
to disentangle decoherence from quantum mechanical CPT violating effects are 
summarized in table 1. In figure 4 we give a typical profile of a decay asymmetry, 
that of At [19], from where bounds on QG decoherening parameters can be 
extracted. The other asymmetries may be studied in a similar fashion. Details can 
be given in [19], where we refer the interested reader for details. Experimentally, 
the best available bounds at present come from CPLEAR measurements [17] 
a < 4.0 X lO-^*^ GeV , \(3\ < 2.3. x lO’^^ GeV , 7 < 3.7 x lO'^^ GeV, which 

2 

are not much different from theoretically expected values a ^(3 ,7 = 
where m^ is the Kaon rest mass. 

One may extend the above formalism to study correlated Kaon states, as 
those produced in a 0 decay [20], (j) K^K . It is interesting to note that in 
such cases the non-quantum mechanical terms in ( 6 ) produce terms that appa- 
rently violate energy and angular momentum, at a microscopic level, and this 
is consistent with generic properties of the formalism [19]. It must be stressed 
though that the formalism remains still an open issue, given that the evolu- 
tion of correlated states may require genuine two-particle state variables for the 
non-quantum mechanical parts, whilst in [ 20 ] one used only single-particle va- 
riables a, /?, 7 . An additional point is the validity of the requirement of complete 
positivity of the reduced density matrix of the correlated Kaon states [21], which 
would impose further restrictions on the set of the QG decoherence parameters. 
However, in view of potential non-linearities of quantum gravity, or other mean- 
field effects, it is not clear whether such a requirement actually holds [24, 25]. 
Such issues present interesting challenges for the theory. 

Finally, when the above-described formalism of open quantum systems [18] 
is applied to neutrinos, induced oscillations between neutrino flavours may occur 
as a result of decoherence [22, 23], which may be independent of neutrino masses. 
Fitting currently available data from atmospheric and solar neutrinos [ 22 ] one 
may obtain sensitivities which exceed the Planck scale by far. For instance, 
concentrating on the QG-decoherence-induced transition probability 
and assuming that the dissipative environmental (QG) effects are of order 

<E>‘^ 

Mqg ’ 



( 17 ) 
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Fig. 4. A typical neutral kaon decay asymmetry At [19] indicating the effects of 
quantum-gravity induced decoherence. 



where < > is an average neutrino energy, the authors of [23] estimated the 

decoherence effects to be smaller than 10“^^ GeV, implying an effective QG scale 
for massless neutrino much larger than Mp for 10^ GeV energies. On the other 
hand, an earlier analysis [22] by means of the super-Kamiokande data [26] for — 

I'r oscillations yields a somewhat weaker bound for the QG-decoherence effects 
< 3.5 X GeV in the massive neutrino case, using the super Kamiokande 

value [26] for the neutrino squared mass difference Am?' = — rnl == 3 x 10~^ 

eV^ between the oscillating states. In the massless neutrino case, the analysis 
of [22] yields more stringent bounds for the decoherence parameter (s), of order 
10-27 GeV, as in [23]. 
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However, theoretically, for massive neutrino models of decoherence, more 
conservative estimates have been presented for some models [27] according to 
which the decoherence parameters are of order 

< E Mqg 

which is much more pessimistic than (17), and is probably not detectable at 
immediate future facilities. The situation is far from being conclusive, however, 
as it depends on the details of the QG environment and its interaction with the 
subsystem [25]. 

A comment we would like to make concerns the presence of energies E in 
both estimates (17) and (18), which makes them appropriate only for non Lorentz 
invariant formulations. For Lorentz Invariant (LI) cases one would expect only 
rest mass terms to appear, for instance (18) could be replaced by (^Am? / Mqq) 
in minimal suppression models etc. For massless neutrinos the LI formulation is 
tricky, as one lacks a fundamental low-energy mass scale. Some steps towards 
LI decoherence are taken in [28], where a LI decoherence has been defined in 
terms of intrinsic quantum mechanical uncertainties of spatial translations, like 
the ones entering the generalized uncertainty principle in string theory [29]. 
However, in our opinion, the issue remains a challenging open one. 



(18) 



5 Quantum Gravity, Lorentz Violation and CPT 

The above discussion assumed that Lorentz invariance is maintained by quantum 
gravity. This may not be the case in certain backgrounds, for instance those 
involving spontaneous breaking of Lorentz symmetry by means of certain tensor 
quantities acquiring vacuum expectation values [30], < 0, which 

may characterize some string theory backgrounds. Another set of models with 
potential Lorentz violations are loop quantum gravity models [31], as well as 
approaches to quantum gravity viewing the Planck length as a ‘real length’ [32], 
for which the requirement of not being subjected to Lorentz contraction leads 
to modified dispersion relations for matter probes, including photons, already 
in fiat Minkowski space times. The breaking of Lorentz symmetry violates the 
requirement (ii) of the CPT theorem stated in the introduction, and hence leads 
to a breaking of CPT symmetry of the associated field theory. 

In such models one may encounter situations in which the violations of Lo- 
rentz Invariance (LIV) and, hence, CPT, are minimally suppressed by a single 
power of the Planck mass scale, Mp ^ 10^^ GeV (or, in general, a QG scale, 
which may be different from Mp), and are typically of order 

Minimally suppressed LIV CPTV = O f (19) 

\Mp J 

where £* is a typical energy scale of the matter probe, in the frame of observation. 
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We must note here that as a result of LIV there is a frame dependence of 
the results, and probably a preferred frame, which may be taken to be the CMB 
frame (but this may not the only possibility). 

The basic formalism is described in [30], where one considers modified Dirac 
equation (MDE) for fermions in the so-called Standard Model Extension (SME). 
In view of the recent ‘massive’ production of antihydrogen {H ) at ^ERN [33], 
which implies that interesting direct tests of CPT invariance using H are to be 
expected in the near future, we consider for our purposes here the specific case 
of MDE for Hydrogen H (anti- hydrogen H), although the formalism is generic. 
Let the spinor represent the electron (positron) with charge q = —\e\{q= |e|) 
around a proton (antiproton) of charge —q. Then the MDE reads: 

-M- 0 ^ 7 "^ - ^ = 0, 

where — qA^j,, = (— g/ 47 rr, 0) Coulomb potential. The parameters 

,5^ induce CPT and Lorentz violation, while the parameters 
induce Lorentz violation only. 

In SME models there are energy shifts between states \ J^I\mj ,mi >, with 
J(/) denoting electronic (nuclear) angular momenta. Using perturbation theory, 
one finds [30]: 



AE^{mj, mi) ~ + ag - c^^me - c^o'^p + (“^3 + dlo'^e + -^12) + 



where e electron; p proton. The corresponding results for antihydrogen (H) are 
obtained upon: 



One may study the spectroscopy of forbidden transitions 1S-2S : If CPT and 
Lorentz violating parameters are constant they drop out to leading order energy 
shifts in free H (H). Subleading effects are then suppressed by the square of the 

fine structure constant: ^ 5 x 10 “^, specifically: This is 

too small to be seen. 

But what about the case where atoms of H (or H) are in magnetic traps? 
Magnetic fields induce hyperfine Zeeman splittings in IS, 2S states. There are 
four spin states, mixed under the the magnetic field B (|mj, mj > basis): \d >n~ 
||, i >, |c >n= sin 6 >„| - I > +cos 0 „|i, >, |6 >„= | - |, -| >, |a >n= 

cos^„| — 5 , 5 > — sin0„||, — I >, where tan2^„ = (51mT)/n^B. The |c >i— > |c >2 
transitions yield dominant effects for CPTV [30]: 
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LEADING ORDER BOUNDS 



EXPER. 


SECTOR 


PARAMS. 

(J=X,Y) 


BOUND (GeV) 


Penning Trap 


electron 


? 


-25 

5x10 


Hg-Cs clock 
comparison 


electron 




0 

1 


proton 




-27 

10 


neutron 




-30 

10 


H Maser 


electron 


•’J 


10 -^^ 


proton 




-27 

10 


spin polarized 
matter 


electron 


•’P/bl 


..V 


He-Xe Maser 


neutron 


b" 


-31 

10 


Muonium 


muon 


bT 


2 X 10 “^^ 


Muon g-2 


muon 




-25 

5 X 10 (estimated) 



X,Y.Z celestial equatorial coordinates ~ ^12 

( Biuhm, hep-ph/01 11323 ) 



Fig. 5. Table summarizing recent bounds of CPT violating parameter h in the Standard 
Model extension from atomic and nuclear physics spectroscopic tests [36]. 



fj ^ K{b% - - d|ome + dF^oTUp - 

^ “ 2tt 

- dl^rue - dl^rup - 
^ 2tt 

^2^15-2S,c = - 5p^ ^ ^ ^ 

7T 

where n = cos2^2 — cos2^i, n ~ 0.67 for B = 0.011 T. Notice that Avc-^d ~ 
— 263/7T , and, if a frequency resolution of 1 mHz is attained , one may obtain a 
bound I63I < 10“^^GeV . 

The existence of a preferred frame implies very stringent restrictions on such 
LIV and CPTV terms, most of which stem from observations (both terrestrial 
and astrophysical) pertaining to electrically charged fermions [34, 35]. These 
observations seem to exclude QG-induced minimally suppressed (linear) modi- 
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fications of matter dispersion relations, given that the sensitivity of such expe- 
riments exceeds the Planck scale 10^^ GeV by several orders of magnitude, and 
hence such models are excluded on naturalness grounds. 

For instance, one of the most stringent constraints at present on linearly 
modified electron dispersion relations is obtained from observations of the 
synchrotron radiation from Crab Nebula [35], with sensitivity that exceeds 
Mp 10^^ GeV by nine orders of magnitude. Also, one may obtain high sensiti- 
vities in atomic and nuclear physics experiments [34] . A summary of the various 
sensitivities from atomic physics experiments is given in the table of figure 5 [36] , 
where we can see that in some cases CPT and LIV violating terms for electrons 
(or electrically charged fermions) may reach sensitivities up to 10“^^ GeV ! 



6 Non-Critical String Models of Foam, the Equivalence 
Principle and the Evasion (?) of the Constraints 



Although from the above discussion it seems that current experiments exhibit 
sensitivities that exclude linearly modified dispersion relations, however the ac- 
tual situation may be more subtle. In fact, we shall argue below that in a Liouville 
string approach to foam, there is a violation of the equivalence principle in the 
sense that not all matter probes interact the same way with the gravitational 
foamy backgrounds. In particular, photons, or at most particles neutral under 
the (unbroken) standard model gauge group SU{Z)c 0 ?7(1), are the only types 
that may exhibit modified dispersion relations [37]. The rest of the low-energy 
modes are insensitive to the quantum gravity foamy effects, as far as dispersion 
relations are concerned. 

A concrete model of Liouville string foam with this property has been pre- 
sented in [38]. According to this model our world is a three brane, and the 
observable matter particles (including radiation) are viewed as open string ex- 
citations on it, with their ends attached to the brane. The brane is embedded 
in a higher (bulk) space time in which only closed strings (gravitational d.o.f.) 
are allowed to propagate. The foam is obtained by assuming quantum fluctua- 
tions of the brane world which are such that (virtual) D-particle defects can 
emerge from the brane. These are short-lived excitations, with average life time 
'T ^ ^ (where is the string length, and c the speed of light in empty space). 
The D-particles are degenerate forms (point-like) of D-branes [39] , but as their 
higher-dimensional counterparts they can capture open strings, since the latter 
may have their ends attached to the D-particle. From a conformal field theory 
point of view the capture stage may be described by the following cr-model de- 
formations [40] 







/ ' 



eyie,{X^)dr,X^ 



( 20 ) 



where yi denotes the location of the D-particle on the D3 brane world, and 
Ui = Qs ? denotes the recoil velocity (proportional to the momentum trans- 
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fer), with Qs the string coupling, and Mg the string mass scale. The parameter 
e — )► 0“^ regulates the Heaviside operator 0{X^). It can be shown that the pair of 
deformations (20) closes to form a logarithmic conformal algebra (LCFT), provi- 
ded is identified with the logarithm of the world-sheet RG scale. Such LCFT 
lie in the border line between conformal algebras and general two-dimensional 
field theories. The operators (20) are marginally relevant in a world-sheet RG 
sense, with anomalous dimensions e^. This has important implications for the 
departure of the deformed cr-model from the conformal point, hence the need for 
Liouville dressing [8]. 

This dressing results in the appearance of non trivial metric deformations in 
space time, which physically are interpreted as a back reaction of the recoiling D- 
particle, during the capture stage, onto the neighboring space time. The resulting 
metric assumes the form (asymptotically in time after the capture stage) [40]: 

Goo ~ f 7 Gzjf — Sij , Goi — Ui (^^) 

This change in the space time background, during every interaction of the matter 
probe with the D-particle, causes a modification in the dispersion relation of the 
probe, as a result of the relation: 

PfiPiyG^"^ = —nn? -f- + 2F^p • u = — m^(l -f u^) (22) 

It should be stressed that this modification is consistent with the general co- 
ordinate diffeomorphism invariance of the target space of the stringy cr-model, 
which is respected by the foam. From (22) it is evident that in this way one 
obtains linear modifications in the dispersion relations, and hence such models, 
if valid for electrically charged fermions, would have been excluded in the sense 
of yielding Msjgs > 10^^ GeV. We stress that only the subluminal branch of the 
modifications in the dispersion relation is consistent with the capture stage [37], 
and in fact it is only such modifications that are allowed by the string dyna- 
mics [38]. 

Mathematically, of course, one could still save such models by adjusting Mg 
or Qg appropriately so as to meet such sensitivities, but then one probably faces 
a naturalness problem, in that one should explain why this particular model of 
foam is characterized by such small Qg (assuming Mg ~ Mp). 

Fortunately for the model of [38] there seems to be a way out , which in fact 
is based on gauge symmetry principles . The point is that the capture of an open 
string by a D-particle has been shown in [40] to describe U{1) gauge excita- 
tions, whose dynamics is described by a Born-Infeld (BI) effective Lagrangian 
Gbi = -h with the U{1) Maxwell field strength, and the 

background metric. In general, N coincident D-particles exchanging open strings 
stretched between them, will transform according to the adjoint representation 
of the U (TV) group, and obey a non Abelian BI action [39]. This includes also the 
recoil case [40]. Thus we conclude that the capture/recoil of open strings from 
a group of N D-particle excitations in the foam will result in gauge excitations 
on the D3 brane world. There is no way of obtaining other excitations, trans- 
forming for instance according to the fundamental representation of the group. 



CPT Violation 



63 



For the latter to happen one needs intersecting brane configurations at angles 
6 [41], the latter serving to define appropriate chirality for fermionic excitations. 
D-particles are by definition parallel among themselves, and one cannot thus get 
chiral fermions by exchanging strings among them, a process characterizing the 
capture/recoil case. 

Given that in a space-time foam model the quantum numbers of the Vacuum’ 
must be preserved [42] by the interactions of matter with the foam d.o.f., we must 
conclude from the above considerations that only string modes which transform 
in the adjoint representation of the (unbroken) standard model group C/(3) 2 ::^ 
SU{2) 0 C/(l), and are therefore gauge excitations, can interact in the above 
sense with the D-particles and have modified dispersion relations of the type 
( 22 ). 

The above result holds at tree level in a world-sheet formalism. From a world 
sheet view point the capture of the open string or closed string by a D-particle 
implies either changes in the Boundary conditions of the open string (from Neu- 
mann (N) to Dirichlet (D) [39]), or splitting of the closed string to a pair of open 
ones, with Dirichlet boundary conditions. A natural question arises in connection 
with higher world-sheet topologies, for instance one loop (annulus) world-sheet 
graphs. Such loops may express, for instance, self energy parts of electrons. Such 
quantum corrections involve propagating photons (and other (actually, an in- 
finity of) string excitations), and one may expect that these will interact with 
the D-particles of the foam. The issue as to the precise effects of these loop 
calculations on the self energy of the electrons and other charged fermions is 
under investigation. This may also depend on the complicated dynamics of the 
(yet unknown) M-theory that describes such defects. Such issues deserve further 
study before conclusions are reached. 

The above considerations exclude electrons, and other electrically charged 
fermions (e.g. quarks) from being captured by the D-particle (at tree level at 
least), given that the capture of such excitations by the D-particle would lead to 
violations of electric charge [37]. Thus, modulo higher order string-loop effects, 
the most stringent constraints on the linear modifications of the dispersion relati- 
ons, which are based on such fermions [34, 35], are evaded in the Liouville string 
model of [38]. On the other hand, photons (and probably gluons ^), can interact 
with D-particles at tree level in cr-model perturbation theory , thereby exhibit- 
ing linearly modified dispersion relations and subluminal refractive indices (the 
subluminal nature is due to the Born-Infeld electrodynamics [38]). 

Such effects can be tested by 7 -Ray Burst studies (GRB) of the arrival times 
of photons, as suggested in [43]. The sensitivity of such experiments, at present, 
is such that the QG effective scale for photons exhibiting linear dispersion re- 
lations ( 22 ) is Mqg > 10 ^^ GeV [44]. In the model of [38], the interaction of 
a photon excitation with a D-particle is accompanied by a random phase [37] 

^ Confinement of gluons makes their interaction with the foam subtle. In this review 
we simply assume that gluons can interact like photons with the D-particles, and do 
not discuss the matter further. We shall come back to such issues in a forthcoming 
publication. 
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of the re-emitted photon after the capture stage. Such an effect also invalidates 
claims made in [45] for excluding linear modifications in the photon dispersion 
relations 

It is evident from the above considerations that details in the dynamics of 
space-time foam do matter in discussing the pertinent phenomenology. Many 
conclusions, based on generic arguments from our experience so far with ordi- 
nary local quantum field theories, may be misleading when applied to quantum 
gravity. 



7 CPT Breaking Through Locality Violation 
and Neutrino Anomalies (?) 

A final topic we would like to discuss briefly is the violation of CPT in the 
neutrino sector of the theory. The reason why we chose to discuss this topic in a 
separate section is the relatively recent claims from the LSND experiment [47] 

on evidence for observation of oscillations in the antineutrino sector i 

but the absence of such oscillation in the corresponding neutrino sector The 
situation will be clarified experimentally, when experiments looking directly for 
^ will be in operation, like MiniBoonNE [48] 

If one associates oscillations with Dirac mass terms for neutrinos, then the 
LSND result [47], if correct, points towards CPT violation in the sense of an anti- 
neutrino Dirac mass being much higher than a neutrino one, the mass difference 
between neutrino and antineutrino being of the order of 1 eV. This idea was 
put forward first in [50] in a purely phenomenological setting (c.f. fig. 6), in an 
attempt to explain the LSND anomaly [47] without invoking a sterile neutrino. 

There are many microscopic theories which could lead to such violations. 
One obvious one is the spontaneous violation of Lorentz symmetry, along the 
lines of the SME [30], described briefly above, whose applications to the massive 
neutrino physics has been discussed recently in [51]. 

On the other hand, in the Liouville model of D-particle foam of [38], neutrinos 
may not have modified dispersion relations, as their capture stage by D-particles 
would not seem to respect the gauge quantum numbers of the vacuum. We re- 
mind the reader that neutrinos, viewed as open string excitations on the brane, 

^ Apart from such random phases, we also note that the analysis of [45] overestimated 
the effects of the foam by a huge factor, as argued in [46], which by itself invalidates 
their conclusions. 

The initial 2.6cr hint for — Ue decreased to 0.6cr, while the signal for antineutrino 
oscillations remained. 

The material of this review was presented and written before the very recent an- 
nouncement on September 7 2003 by the Sadbury Neutrino Observatory (SNO), 
on improved measurements of neutral current events, which, together with other 
existing data, confirm the three-neutrino scenaria. The phenomenology presented 
in this section is before these results. For a status of the three neutrino oscillations 
after the latest SNO results we refer the reader to [49]. The ideas on CPT violation 
presented here may then be tested by such updated data. 
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Fig. 6. In the scenario of [50], the LSND anomaly may be explained by a CPTV mass 
difference between neutrinos and antineutrinos. 



transform in the fundamental representation of appropriate gauge groups, while 
a string-D-particle ‘composite’, describing the capture stage, behaves as a gauge 
field excitation in the model, transforming in the adjoint representation of the 
unbroken standard model group However, in other models of QG, where gra- 
vitational fluctuations imply the existence of an ‘environment’ [31, 22] neutrinos 
may have non trivial refractive indices (for the massless species). Such modifica- 
tions, as we discussed in previous sections, may lead to CPTV and LIV effects of 
order gsE^ j Ms, where E is a. typical neutrino energy at the frame of observation. 
Such terms seem to be much smaller than the suggested neutrino-antineutrino 
squared mass difference of 0(0.1 — 1 eV^) to explain the LSND anomaly [47, 50]. 



^ Nevertheless, one may envisage the possibility of neutrinos interacting with D- 
particle defects in brane models intersecting at angles [41], where chiral fermions 
are open string excitations localised on the intersection hypersurface, viewed as our 
world. We do not know yet whether puncturing the intersection with D-particles can 
be consistent with ND chiral open strings with mixed boundary conditions, corre- 
sponding to neutrinos, with one end attached to the D-particle (D), and the other 
end free (N) on the intersection, that would allow neutrinos (as electrically neutral) 
to have modified dispersion relations. 
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A more radical approach has been suggested earlier in [52] , according to which 
the neutrino sector of the standard model exhibits non local interactions among 
the neutrinos, responsible for the generation of CPT Violating but Lorentz inva- 
riant mass spectra for neutrinos, fitting phenomenologically the LSND results. 
Specifically, the model invokes a Dirac-like theory of neutrinos (called “homeo- 
tic”) with both positive (-f) and negative (-) energies, in which the spinors are 
described by: 



il}+{x) = u+{p)e = Po>0 

ip-(x) = = m^, po < 0 

- me{po))u±{p) = 0 , (23) 

where '0 are the fermionic Dirac neutrino fields, and e(po) is a sign function. 
The corresponding part of the effective action responsible for the generation of 
a CPTV mass spectrum according to this scenario reads: 

S = [ -h ^ f d^xdtdt'ip{t) — (24) 

J 27T j t — V 

Notice that in (24) Lorentz invariance is maintained (at least at tree level) due 
to the presence of the e(po)- However Locality is relaxed, and hence CPT. We 
stress once again that in this scenario the neutrino masses are of Dirac type. 
An open issue, of course, of such scenaria for neutrino CPTV mass spectra is 
what singles out the neutrino sector from the rest of the standard model so as 
to produce mass differences of the order of the LSND anomaly. 

The phenomenology of the model has been analyzed in [53], where it was 
argued that a compilation of all available data from current neutrino experiments 
does not seem to favor CPT Violating scenaria for neutrino mass spectra. The 
point is that if CPT is Violated in the neutrino sector, then such violations 
will imply signals in atmospheric and solar u oscillations. The analysis of [53] 
combined recent results from KamLAND [54] with atmospheric data, as well as 
recent WMAP satellite data [6]. The results of such an analysis are given in fig. 7, 
from where it is evident that a CPTV z/-mass scenario is excluded. However, the 
conclusion is marginal, as can be seen from the figure, and moreover it pertains 
only to CPT violation within conventional quantum mechanics, in the sense of 
a violation being realized through a neutrino-antineutrino mass difference. 

As we have discussed above, QG effects of the type appearing in the non- 
quantum mechanical evolution equations (5) or (6), (13) may be themselves res- 
ponsible for neutrino oscillations, in a way independent of mass terms [22, 23]. 
Since such models violate CPT through the ill-definition of a scattering matrix, 
as explained above, they may provide a natural explanation for the LSND an- 
omaly, provided the latter is confirmed by future experiments. If this is the case, 
phenomenological analyses such as that in [53] have to be redone by taking into 
account decoherence effects in the dynamics of neutrinos. 

Determining the order of such CPTV effects in the neutrino sector is not an 
easy task, and is highly model dependent. However, if QG is responsible for the 
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Fig. 7. The phenomenology of neutrino models involving CPT Violating mass spectra 
done in [53] seems to be disfavored marginally when all the available current data 
are compiled. Upper figures: (a) Left: Atmospheric rriu - rUu (68, 90, 99 %, 2 d.o.f.). 
(b) Right: For solar and reactor data (68, 90, 99 %, 2 d.o.f.). Lower Figures: (a) Left : 
Upper half plane disfavored by WMAP. Dashed curved line: upper bound from all 
other u experiments, (b) Right: Best fit, all data; 3 + 1 sterile u solution disfavored 
by WMAP [6], since {Am\sNDY^‘^ Notation : The oscillation probabilities 

are: = 1 - Ssin^Oes , = 1 - Ssw?6^,s = Ss\v?dLSND, with 

s\v?9lsnd — |sin^20esSin^20;xs- 



effects only through unitarity violation, and Lorentz invariance and locality are 
preserved, we expect that the order is (more or less) universal among all particle 
species. As already mentioned, stringent bounds on such non quantum mecha- 
nical QG-induced decoherence parameters have been derived for the neutrino 
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sector [22, 23], which are much smaller than the corresponding bounds in the 
Kaon sector [17]. This may guide us in theoretical modelling of these effects. 



8 Conclusions and Outlook 

In this brief review we considered some models of CPT violation and their asso- 
ciated phenomenological constraints. From our discussion it becomes clear that 
in estimating the order of the effects, and hence the sensitivity of the various 
experiments, it is important to know the details of the gravitational environment 
that may be responsible for such violations. There is no single figure of merit for 
CPT violation, and hence detailed and systematic analyses have to be performed 
with care before conclusions are reached. 

For instance, according to some non-critical stringy models of foam, the pho- 
tons (and probably gluons) may exhibit modified dispersion relations, and hence 
LIV and CPTV, but such properties may not characterize the rest of the par- 
ticles in the standard model. This implies that future experiments testing photon 
dispersion relations are important in shedding light in the quantum nature of 
space time. 

It may well be, of course, that CPT is broken, if at all, only cosmologically, 
in the sense discussed in the beginning of the article, in which case any direct 
test via particle physics experiments seems pointless due to the very small va- 
lue of the associated effects. However, such effects may be tested indirectly by 
means of astrophysical observations, for instance experiments associated with 
a direct measurement of the acceleration of the Universe [4], or measurements 
of the CMB anisotropies to a very high precision [6]. It is fascinating to link a 
possible confirmation of a cosmological constant in our Universe with a breaking 
of CPT symmetry by a tiny but finite amount. Time will tell whether CPT sym- 
metry is sacrosanct or follows the fate of so many other symmetries in nature, 
being broken by quantum space-time effects. Fortunately such a question may 
be tackled by many experiments in the foreseeable future, especially those from 
the astrophysics side. 

Astrophysics has made enormous progress in improving the experimental 
sensitivities over the past few years, which allows tiny numbers, such as the 
cosmological constant (if the latter is non zero), to be measured directly! Thus, 
a fruitful co-operation with Particle Physics is to be expected for the excit- 
ing years to come. In this review, we made an attempt to associate astrophysi- 
cal/ cosmological phenomena, such as the Dark Energy content of the Universe, to 
fundamental concepts of Quantum Field Theory, such as CPT (non) invariance, 
and the structure of quantum space time. This may not be the only example, 
where such a connection exists. Neutrinos, as we well as Supersymmetry sear- 
ches, which we did not discuss here, constitute topics where new physics would 
definitely come into play, and where astrophysics has already given important re- 
sults and/or constraints [6, 55]. One cannot also exclude the possibility of having 
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pleasant surprises from antimatter factories, such as [33], which may prove to be 
important for precision tests of CPT symmetry in the not-so-distant future. 

One therefore expects a plethora of experiments from both Particle and 
Astrophysics side in the next decade at least, which hopefully will provide us 
with interesting physical results, and thus enable us to make several steps for- 
ward in our quest for understanding the fundamental interactions in Nature. I 
would like to close this discussion with a remark made by Okun in a lecture 
on CPT symmetry [56]: if CPT is broken, he said, then the whole structure 
on which we built the current form of quantum field theory, and on which our 
phenomenology is based, may cease to exist. How can we proceed then, so as to 
make sure that we detect and interpret such a violation correctly? As we have 
discussed in this review, this may indeed turn out to be true, but it may not be 
so drastic as one thinks. The dynamics of open systems, for instance, familiar 
from other fields of physics, such as condensed matter, may be the way forward. 
Time will tell... 
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Abstract. The Wilkinson Microwave Anisotropy Probe (WMAP) is currently map- 
ping temperature and polarization anisotropies of the cosmic microwave background 
radiation on the full sky in 5 microwave bands. We summarize major scientific results 
obtained from the first year data released on February 11, 2003: (1) precision deter- 
minations of the cosmological parameters, (2) discovery of early reionization of the 
universe, and (3) implications for the Inflationary paradigm. 



1 Introduction 

The Wilkinson Microwave Anisotropy Probe (WMAP), a descendant of the le- 
gendary Cosmic Background Explorer (COBE), was launched on June 30, 2001. 
The primary goal of the WMAP mission [1] is to produce high quality (high 
signal-to- noise, minimal systematic errors) full sky maps of the temperature and 
polarization anisotropies of the cosmic microwave background (CMB) radiation, 
with the angular resolution a factor of 30 better than that of the COBE [2]. 
The satellite orbit, scan strategy, and satellite and radiometer designs have been 
carefully chosen to minimize systematics. The WMAP observes at the Lagrange 

2 (L2) point, where emission and magnetic fields of the Earth do not affect the 
satellite. The differential measurements with many scans in different orientati- 
ons per pixel significantly suppress undesired 1/f noise and noise correlations 
between pixels [3, 4]. One of the major scientific goals of the WMAP mission, a 
precision measurement of the angular power spectrum, requires accurate charac- 
terization of WMAP^s in-flight beam patterns. We extensively analyze observed 
maps of the planet Jupiter in order to quantify the main beam and side-lobe 
shapes [5, 6]. 

The unprecedented quality of the WMAP data demands careful and rigorous 
analysis for deriving cosmological constraints from the CMB. Not only systema- 
tics, but the effects of undesired foreground emission from our Galaxy and extra 
galactic sources are also minimized by observing in 5 frequencies (22, 30, 41, 

^ The WMAP science team: C. Barnes, C. Bennett (PI), M. Halpern, R. Hill, G. Hins- 
haw, N. Jarosik, A. Kogut, E. Komatsu, M. Limon, S. Meyer, N. Odegard, L. Page, 
H. Peiris, D. Spergel, G. Tucker, L. Verde, J. Weiland, E. Wollack, E. Wright 
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60, 94 GHz); that is, any components that are correlated with Galaxy and show 
frequency dependence are removed, and pixels containing known point sources 
are excised [7]. Moreover, statistical methods used for determinations of the 
cosmological parameters are scrutinized to the desired level of precision [8]. In 
this contribution, we summarize major scientific results [9, 10, 11, 12, 13, 14] 
obtained from the first year data released on February 11, 2003. ^ 



2 Why CMB? 

The CMB is the thermal afterglow of the big bang. The CMB photons were 
emitted at the “last scattering surface” (LSS), the horizon of the observable 
universe. Since the LSS is only 380,000 years after the big bang, the sky map of 
the CMB is a picture of an infant universe. (The universe would be only 1.5 days 
old then, if the universe were 137 years old today.) The mean temperature of the 
CMB has been measured by the COBF, Tq = 2.725 K [15]. A perfect blackbody 
spectrum of the CMB measured by the COBE [16] proves that the universe has 
been “silent” , meaning that there was no explosive energy release that leads to 
significant distortion of the CMB spectrum. 

Why is CMB so fundamentally important to cosmology? Discovery of the 
CMB [17], together with the fact that the spectrum is a perfect blackbody, has 
proven the idea that the universe was hot and dense in the past [18]. Equally 
important is that the CMB has temperature anisotropy^ the variations in tem- 
perature [19]. (The amplitude of the variations is only 1 part in 100,000 relative 
to the mean temperature.) If one assumes that matter also fluctuates at simi- 
lar levels, then the variation in matter density is just enough to seed galaxies 
through gravitational instability; thus, discovery of temperature anisotropy has 
revealed the origin of galaxies. As we see in the next section, physics governing 
the evolution of temperature anisotropy is so simple that one can follow the 
evolution very precisely for a given initial condition and background cosmolo- 
gical model. Therefore, by comparing measurements of the CMB temperature 
anisotropy and the precise theoretical calculations, one can deduce the initial 
condition and background cosmology, and potentially reconstruct a whole hi- 
story of our universe, including the earliest moment of the universe, with high 
precision and reliability. This is the primary reason why we want to measure the 
CMB as accurate as possible. 



3 Brief Overview of Physics of CMB 

3.1 Temperature Anisotropy 

Since the baryonic matter in the universe was mostly in the form of hydrogen 
and helium before the formation of the first generation of stars (~ 200 million 

Scientific papers and data products are available at http://lambda.gsfc.nasa.gov. 
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years after the big bang), gas physics before the LSS (0.38 million years) is very 
simple: gas composed of protons, electrons and helium nuclei tightly coupled 
with photons via Thomson and Coulomb scattering at temperature of several 
thousand degrees. In effect, baryons and photons are tightly coupled via electrons 
being a catalyst, and they behave as a perfect fluid until diffusion of photons 
becomes important. 

The CMB temperature anisotropy is created by perturbations in photon 
energy density. As long as photons are tightly coupled with baryons via scatte- 
ring, perturbations propagate through the photon-baryon fluid as acoustic waves, 
leading to the so-called ‘‘acoustic oscillations” in the power spectrum of tempera- 
ture anisotropy [20, 21]. The wave form is thus determined by the energy density 
and pressure of the photon-baryon fluid and the overall amplitude of the waves 
is determined by the initial condition. Things are a bit more complicated than 
this picture, as we need to take into account the effects of the dark matter^ whose 
density is five times as high as the baryon density. Since the dark matter does 
not couple with photons, one should consider it separately from baryons. Before 
the epoch when the matter density equals the radiation energy density, radiation 
dominates gravity and the dark matter has little effect on the evolution of the 
photon-baryon fluid. However, once the dark matter begins to dominate gravity 
after the equality epoch, propagation of the acoustic waves is governed by gas 
pressure of the photon-baryon fluid (which provides a restoring force) and an 
external force provided by the dark matter potential. Therefore, the evolution 
of the wave form is described by a forced harmonic oscillator [22]. 

The perfect fluid approximation is valid until diffusion of photons becomes 
important. On scales smaller than the photon mean free path, (crT^e)”^, the 
equation becomes a forced harmonic oscillator with a “friction term” represen- 
ting viscous damping. Then, temperature fluctuations are damped by an expo- 
nential factor, exp(— (Aci/A)^), where A^ is the diffusion damping scale [23]. The 
photon mean free path depends on reciprocal of the number density of electrons 
Tie which is proportional to the mass density of baryons. Since baryons are al- 
ways sub-dominant in the universe, Xd is not very small: Xd — 30 Mpc at the 
LSS, while the sound crossing length, is 230 Mpc ~ SA^^. The diffusion 
damping is thus non-negligible below, say, a half of the sound crossing scale. 

In addition to the hydrodynamical effects, purely general relativistic effects 
also create temperature anisotropy and “distort” the wave form. One of the 
effects is called the Integrated Sachs- Wolfe (ISW) effect, which says that time 
variations in the gravitational potential, change temperature of the CMB as 
8T/T = 2 f dt{d^/dt) [24]. When the dark matter clusters non-linearly, d^/dt < 
0, and the CMB photons become colder. When radiation dominates gravity, the 
dark matter cannot cluster and the strength of clustering becomes weaker. As 
a result, d^jdt > 0, and the CMB photons become hotter. Therefore, the ISW 
effect is sensitive to a ratio of dark matter to radiation density [22] . 

In summary, the wave form of the acoustic waves at the LSS is solely de- 
termined by the baryon, dark matter, and radiation density, with the overall 
amplitude given by the initial condition. Precision measurements of the wave 
form thus allow one to determine these parameters. However, what we actually 
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observe is the acoustic waves projected on the sky. The sound crossing scale 
would subtend an angle of 6s — 230 Mpc/d^, where cLa is the (comoving angular 
diameter) distance to the LSS. So, by determining 6s from the wave form, one 
can determine dA as well: the wave form is a “distance indicator”. Why is dA 
so interesting? The LSS is so distant that dA is very sensitive to spatial geome- 
try of the universe [25]. This can be understood easily as follows. Suppose that 
one flies from Miinchen to Amsterdam. Since the distance between two places is 
much shorter than the curvature radius of the Earth, an airplane would simply 
take a straight path to Amsterdam. Now suppose that one flies from Miinchen 
to Tokyo. In this case the shortest path (a geodesic line) is a great circle, not 
just a straight line, as the Earth is positively curved. In the same way, photons 
from the LSS follow a geodesic line. If spatial geometry of the universe is curved, 
then photons do not travel a “straight line” as they would on a flat surface. 
Consequently, if space is positively curved (like the surface of the Earth) dA 
becomes smaller, and if space is negatively curved (like a saddle) dA becomes 
larger, than dA on a flat surface. This is the zeroth order effect. Then, the first 
order effect is sensitive to the equation of state of the universe, or the nature of 
dark energy^ which occupies more than 70% of the total energy of the universe 
today. Dark energy is distinguished from an ordinary matter and dark matter 
by its unusual equation of state: pressure of dark energy is negative. It is often 
parameterized by the equation of state: w = pj p where u; < 0. Then dark energy 
density evolves as pde oc How negative w is depends on the exact na- 

ture of dark energy, w changes the distance, dA = f da(a^H)~^, via changes in 
the expansion rate of the universe, = {aj — {SttG j^)p^ which is determi- 
ned by the total energy density of the universe (note that these equations are 
valid in a flat universe). Einstein’s cosmological constant corresponds to w = —1 
for which pde = constant, and it begins to dominate oX z = Zde ^ 1- 

3.2 Polarization Anisotropy 

The CMB is expected to be linearly polarized [26, 27]. The polarization is ge- 
nerated via Thomson scattering because (1) Thomson scattering is anisotropic 
(quadrupolar) and (2) the CMB temperature is anisotropic. Had (1) or (2) not 
been satisfied, there would be no polarization. (2) is not always satisfied unless 
something creates quadrupolar temperature anisotropy: let us imagine that we 
are one electron. When photons and electrons are tightly coupled, they move to- 
gether as a single fluid and thus one electron sees the isotropic radiation pattern 
in the electron’s rest frame. So, there would be no polarization at all! In order 
to create polarization, therefore, the perfect fluid approximation must he broken. 
This implies that polarization is generated by the relative velocity of electrons 
and photons on scales smaller than the photon diffusion scale, Xd> 

There is an important implication of the above argument. After the last 
scattering, there would be no additional polarization anisotropy, as there are 
no free electrons that scatter the CMB photons. However, when the first stars 
form at the universe gets ionized by strong UV photons emitted by the 
stars, and the ionized free electrons scatter the CMB photons again. Since Ug is 
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low at Zr (or equivalently the optical depth is much less than 1), photons and 
electrons are no longer tightly coupled, and the above conditions (1) and (2) 
are satisfied, i.e., polarization would be generated. The projected angular scales 
of the polarization signals are quite large in this case, as ^ ~ (the horizon size 
of the universe at 2 ;^) /(the angular diameter distance to Zr) is of order unity. 
Therefore, the large-angle polarization is a distinct signature of reionization of 
the universe, the formation of the first generation of stars [28] . 

One more important thing that polarization anisotropy can measure is a 
signature of the primordial gravitational waves [29, 30]. The CMB temperature, 
a scalar quantity, cannot discriminate between contributions from scalar modes 
(density perturbations) and tensor modes (gravitational waves) uniquely. On the 
other hand, polarization transforms as a rank two tensor under rotation, and is 
capable of discriminating between the two. The so-called E mode polarization, a 
rotation-free mode (like polarization vectors being radial or tangential around a 
point), is produced by both density and gravitational wave perturbations, while 
the B mode, a divergence- free mode (like polarization vectors having vorticity), 
cannot be produced by density perturbations at the first order level. Thus, the 
B mode polarization on large angular scales is a distinctive signature of the 
primordial gravitational waves. On small angular scales, things are a bit more 
complicated, as gravitational leasing due to the large scale structure, which 
is the second order effect, creates the B mode from the E mode [31]. While 
interesting by itself, gravitational leasing effect makes detection of the primordial 
gravitational waves via the 5-mode polarization challenging. 

3.3 Connection to the Early Universe 

The CMB is considered the cleanest tool to probe the early universe, specifically 
the inflationary epoch [32]. During inflation, the universe expands exponentially. 
The expansion is driven by inflaton, 0, a hypothetical scalar held whose precise 
nature is yet to be understood. In order for inflation to occur, 0 has to have nega- 
tive pressure. (The expansion decelerates otherwise.) The accelerated expansion 
is necessary to explain global smoothness of our universe as measured by smoo- 
thness of the CMB. Inflationary scenarios provide the origin of the primordial 
fluctuations (see [33] for a review). After all, one needs “seed fluctuations” to 
explain the observed CMB anisotropy and clustering of galaxies. As the universe 
expands exponentially, the size of the universe becomes much larger than our 
observable universe today. Any initial irregularities or inhomogeneities before 
inflation will be completely wiped out by the exponential expansion. The uni- 
verse becomes flat and smooth everywhere in our observable universe; however, 
quantum mechanical effects create tiny density fluctuations, quantum fluctuati- 
ons^ during inflation. Inflationary scenarios thus predict that it is these quantum 
fluctuations that we observe today as fluctuations in the CMB and distribution 
of galaxies. 

Inflationary scenarios make a number of predictions as to what the CMB 
fluctuations should look like [32, 33]: (1) “Flatness of the universe” — spatial 
curvature of the observable universe is zero, (2) “Gaussianity of the primordial 
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Fig. 1. Full sky map of the CMB from the WMAP first year data [1]. The Galactic 
emission has been removed using the template fitting method described in [7]. 



fluctuations” : fluctuations obey Gaussian statistics to high precision, (3) “Scale 
invariance”: the amplitude of fluctuations is about the same on all scales, (4) 
“Adiabaticity” : temperature and density fluctuations satisfy the adiabatic con- 
dition, 6TjT = ^Sp/p, (5) “Super-horizon fluctuations”: there exist fluctuations 
on what appears to be beyond the causal horizon scales. In addition, some scena- 
rios predict (6) significant amount of primordial gravitational waves [34], which 
give rise to tensor- mode temperature [35] and polarization [29, 30] anisotropies. 
The CMB temperature and polarization anisotropies offer the most stringent 
(and importantly, most reliable) tests of the above predictions. 



4 Results from the WMAP First Year Observations 

4.1 Is CMB Gaussian? 

Figure 1 shows the full sky map of the CMB after the foreground removal [1, 7]. 
One clearly sees numerous hot and cold spots with characteristic size of a degree. 
Now we want to test our ideas about the universe using these hot and cold spots. 
How do we proceed? The first question to ask would be “Is CMB Gaussian?” 
If it is Gaussian, as predicted by simple inflationary scenarios, then the angular 
power spectrum contains all information about the CMB; however, fluctuation 
fields are, in general, characterized by higher-order statistics such as the A-point 
correlation functions, the Minkowski functionals, the peak-peak correlation fun- 
ctions, etc., which are sensitive to deviation from a Gaussian distribution, non- 
Gaussianity. Detection of non-Gaussianity has a profound implication: simple 
inflationary scenarios would be ruled out. There are two approaches to testing 
Gaussianity of the CMB: 
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• Blind tests (null tests) which make no assumption about the form of non- 
Gaussianity. The simplest test would be measurements of deviation of one- 
point p.d.f. from a Gaussian distribution. (Measurements of skewness, kurto- 
sis, etc., for example.) Being model-independent is a merit of this approach, 
while the statistical power is weak. If we had no models to test, this approach 
would be the only choice. 

• Testing specific models of non-Gaussianity, constraining the model parame- 
ters. This approach is powerful in putting quantitative constraints on non- 
Gaussianity, at the cost of being model-dependent. If we had a sensible (yet 
fairly generic) model to test, this approach would be more powerful than the 
blind tests. 

We use both approaches to test Gaussianity of the WMAP maps [11]. 

For the first test, we use the Minkowski functionals [37], which measure mor- 
phological structures of the CMB, describing the properties of regions spatially 
bounded by a set of contours. Let us imagine that we draw a set of contours 
on Figure 1. The contours may be specified in terms of fixed temperature thres- 
holds, 1 / = where <j is the standard deviation of the map, or in terms 

of the area. We use a joint analysis of the three Minkowski functionals: (1) the 
total area above threshold, (2) the total contour length, and (3) the number of 
hot spots minus the number of cold spots, which is also called the genus [36]. 
We have measured the Minkowski functionals at 5 different resolutions from the 
pixel size of 3.7 degrees in diameter to 12 arcminutes (to probe possible scale 
dependence), and compared with 1000 Gaussian Monte Carlo simulations. The 
WMAP data are in excellent agreement with the Gaussian simulations at all 
resolutions. But, how Gaussian is it? 

For the second test, we use the angular bispectrum (the spherical harmo- 
nic transform of the three-point function). Specifically, we test Gaussianity of 
coefficients of the spherical harmonic transform of maps: 



(cf. The power spectrum is quadratic.) The bispectrum has advantages of being 
easy to predict theoretically for a given model. We parameterize non-Gaussian 
fluctuations by a non-linear coupling parameter, /jvl [38], which determines 
the amplitude of a quadratic term added to Bardeen’s curvature perturbati- 
ons, <?(x) = ^i(x) + fNL [^i(x) - (^l(x))], where are Gaussian linear 
perturbations with zero mean. The second term creates non-Gaussian aim- 
It is useful to estimate the r.m.s. amplitude of ^ to see how important the 
second-order term is. One obtains ~ (l + (^i)) , where 




( 1 ) 



The bispectrum, consists of a cubic combination of aim^ 
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^^ 2 ^ 1/2 ^ 0 0 X 10 ^ [ 2 ]; thus, a fractional contribution from the second term is 
fNL (^i) — We are talking about very small effects. 

Although the form is inspired by simple inflationary models, the exact predic- 
tions from those inflationary models are irrelevant to our analysis here because 
the predicted amplitude of Jml is much smaller than our sensitivity; however, 
this parameterization is useful to find quantitative constraints on the amount of 
non-Gaussianity allowed by the CMB data. Also, the form is fairly generic in a 
sense that Jn l parameterizes the leading-order non-linear corrections to (The 
second-order perturbation theory predicts f^L ~ 1 — 10.) The model predicts 
the bispectrum, and the amplitude linearly depends on /atl- Bhhh — 
where is the predicted form of the bispectrum [38]. By comparing the pre- 
dicted form of with measurements, we have found no significant detection 

of fNL at any angular scales. There is no a significant frequency dependence, or a 
significant detection in any frequencies. The best constraint is —58 < /nl < 134 
(95%), or a fractional contribution to the r.m.s. of ^ from the second-order term 
is smaller than 2 x 10“^. From this, we conclude that temperature anisotropies 
measured by the WMAP data are consistent with Gaussian fluctuations, which 
is consistent with simple inflationary scenarios. 

4.2 Determination of Cosmological Parameters Prom Ci 

From the argument in the previous section, a probability distribution fun- 
ction of aim niay be approximated by a Gaussian distribution, P{aim) oc 
exp [—afm/ (^^ 0 ] 5 where Ci is the angular power spectrum, which measures the 
amplitude of temperature anisotropy at a given angular scale, 0 ISO^ /L First 
of all, whether or not we see the acoustic waves in Ci is a powerful test of fun- 
damental aspects of our standard cosmological model. The top panel of Figure 2 
shows a collection of Ci data obtained by the pre- WMAP experiments. One may 
see a good evidence for the acoustic wave and a analysis certainly tells us that 
an expected wave form fits the data well. However, errors are still too large to 
determine the cosmological parameters with precision. The bottom panel shows 
the WMAP determination of Ci. The errors are dramatically reduced, and there 
is no doubt that we see the acoustic waves projected on the sky. 

Now that the wave form is accurately measured, we can use it to determine 
the cosmological parameters [12, 14]. There are a number of features in Q: the 
first peak is at Z 220, the second peak is at Z ~ 550 but the amplitude is only 
— 1/2.3 of the first peak height, there is a plateau at Z < 40, and so on. All of 
these features carry cosmological information, and The Figure 2a outlines how 
the wave form determines the parameters^: 

• Peak locations measure the distance to the LSS via the projection effect: 
dA = 13.7±0.5 Gpc. Then, as described in section 3.1, determines spatial 
geometry of the universe. General relativity tells us that spatial geometry of 

^ Values given here are derived from the WMAP temperature and polarization data 
alone [14], without any additional constraints from galaxy survey data. 



1(1+ 1 )C^ /2n 1(1+ t)C^ /2ti 
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Angular scale (deg) 

90 2 0,5 0,2 




Angular scale (deg) 

90 2 0,5 0,2 




Fig. 2. Acoustic waves on the sky [9]: top: a collection of the angular power 

spectrum data obtained by the pre-WMAP experiments. Bottom: the angular 

power spectrum from the WMAP first year data. 
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Fig. 2a. How the wave form in Ci determines the cosmological parameters. “DEG.” 
means that indicated parameters are degenerated. 



the universe is determined by the total energy density of the universe. The 
WMAP data are consistent with a fiat universe, Qtot = 1.04 ± 0.04, where 
= 1 means exactly flat geometry. Also, since we know a path of the CMB 
photons, we can determine how many years it took the photons to reach us, 
i.e., the age of the universe. The WMAP data gives to = 13.4 ± 0.3 Gyr. 
This remarkably small error-bar reflects the fact that we have determined 
the peak locations very accurately. 

• Peak heights measure a ratio of matter and radiation density. The ISW effect, 

which is sensitive to dark matter density (see section 3.1), creates power 
near the first peak at Z 220. The smaller the dark matter density is, the 
taller the first peak becomes. (The smaller density implies that matter could 
not cluster very much, d^/dt > 0, blueshifting the CMB photons via the 
ISW.) On the other hand, baryon density determines a ratio of the first 
and second peak height via purely hydrodynamical effects: baryons add an 
external force against gas pressure, compressing more the photon-baryon fluid 
than in the zero baryon case. The first peak (compression phase) becomes 
taller as one adds more baryons, whereas the second peak (rarefaction phase) 
becomes shorter. The WMAP data gives = 0.12 zb 0.02 and = 

0.024 zb 0.001, which are markedly consistent with a host of other astronomical 
measurements (see [14] for a summary). 

• The Hubble parameter, Hq = 100 h km/s/Mpc, can be determined by com- 
bining the peak locations and heights. In a flat universe, oc • 

Using the WMAP determinations of dA and we obtain Hq = 72 ± 

5 km/s/Mpc, which is in excellent agreement with the estimate of the Hub- 
ble Space Telescope key project, Hq = 72 ib 8 km/s/Mpc [39]. Also, we find 
Qb = 0.047 zb 0.006 and ^dm = 0.24 ± 0.07. 



Determination of Cosmological Parameters from WMAP 



85 



• In a flat universe, Qtot = 1; however, we find 1 — — ^dm = 0.71 zb 0.07 ^ 0, 

which suggests that the total energy in the universe is not dominated by 
matter, but by some missing energy, dark energy. Since the peak locations 
are primarily determined by spatial geometry of the universe, some kind of 
dark energy is required regardless of the exact nature, e.g., w. The WMAP 
data alone constrain w only weakly: w = — 1.4 ± 0.4. The nature of dark 
energy is consistent with that of the cosmological constant, even more so when 
additional constraints from galaxy surveys [8] are used: w = — 0.98zb0.12 [14]. 

These parameters are primarily derived from the temperature data (while the fit 
has included the polarization data as well). In the next subsection, we describe 
the most profound implication of the polarization data for cosmology. 



4.3 Discovery of Early Reionization of the Universe 
Prom Polarization 

As explained in section 3.1, the CMB is linearly polarized when the tight cou- 
pling between photons and electrons is broken and electrons see quadrupolar 
temperature anisotropy due to anisotropic stress of photons. Since polarization 
is induced by temperature anisotropy, they should be highly correlated. 

The WMAP is capable of measuring polarization anisotropy as well as tem- 
perature anisotropy [4, 10]. On February 11, 2003, we have published the cross- 
correlation power spectrum, of temperature (T) and E’-mode polarization, 

but have not published the polarization auto power spectra, and ^ nor 

the cross-power spectrum of T and B. The reason is because (1) in a globally 
isotropic space {TB) vanishes, and (2) the auto power spectra are more sensitive 
to systematics and foreground emission than the cross power spectrum. Since 
the polarized signal is much weaker than T (by a factor of > 10), we are cur- 
rently examining carefully the systematics and foreground emission to the level 
satisfactory to the analysis of the polarization power spectra. Here, we describe 
from the first year observations. 

The top panel of Figure 3 shows Cp^. One can see that there is an anti- 
correlation peak at I 140 and a positive correlation peak at I c:=^ 300, while 
there is no correlation at the sound crossing scale, I 220, at which the tempe- 
rature power spectrum has the highest peak (Figure 4). This is consistent with 
the polarization signal being generated by the relative velocity of photons and 
baryons at the LSS, as the velocity mode of the acoustic waves has a phase off 
by 7t/2 compared to that of the density mode, which generates the first peak; 
thus, the existence of the acoustic waves is confirmed. In fact, the solid line 
shows Cp^ that is predicted solely by the temperature power spectrum and the 
linear perturbation theory. Good agreement between the data and the prediction 
suggests that our basic picture of the universe is correct. 

How about large angular scales? As described in section 3.1, polarization 
at large angular scales is a distinctive signature of reionization of the universe. 
The WMAP has detected a significant TE correlation at Z < 7, which gives a 
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Fig. 3. Top: The cross power spectrum of temperature (T) and E^-mode polarization 
anisotropies [10, 14]. Bottom: parameter degeneracy between the optical depth, r, and 
the slope of the power spectrum of the primordial fluctuations, ris [14]. An improved 
determination of r will break the degeneracy and leads to a better determination of 
Us, which is crucial to constraining inflationary models [13]. 



measure of the optical depth against Thomson scattering, r = 0.17 ± 0.04 [10]. 
The optical depth is proportional to column density of free electrons in the 
universe, iVg = t/ctt ~ 2.5 x 10^^ cm~^. Since we know the mean number 
density of electrons in the universe, the measured gives us an estimate of 
the distance to the reionization epoch, or the epoch of the formation of the 
first generation of stars, as dr ~ where rig is an appropriately averaged 

number density of electrons. Assuming that the universe was instantaneously 
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reionized at redshift z-p, we find Zr = 17 ^ 3, or tr ~ 200 million years [10]. 
On the other hand, observations of Lyman-a absorption systems of quasars due 
to the intervening neutral hydrogen clouds have suggested that the universe is 
completely ionized from 2 : = 0 to 2 : ~ 6 , but the ionization fraction begins to 
drop beyond z ~ 6 [40]. The interpretation was that the universe was reionized 
instantaneously at 2 ; ~ 6 , or t ~ 1 giga years. 

A naive interpretation of the WMAP polarization and the quasar data would 
be that the universe has begun to be reionized at Zr ~ 20 and become completely 
ionized by 2 ; ~ 6 . However, this sort of long-duration ionization process is usually 
difficult to achieve, and physical processes for doing this are still highly uncertain. 
The WMAP measurement of r begins to shed light on understanding of physical 
processes governing the formation of the first generation of stars. 

4.4 Implications for the Inflationary Paradigm 

The linear perturbation theory accurately describes the evolution of small per- 
turbations for a given initial condition and/or boundary condition. In the cos- 
mological context, as we have just seen, the evolution leads to the acoustic waves 
and the ISW effect, which have been used to determine the basic cosmological 
parameters. 

Initial conditions are specified as the initial amplitude of metric perturba- 
tions and their time derivatives and the initial amplitude of density pertur- 
bations in each energy component (photon, neutrino, baryon, dark matter). 
Instead of specifying the initial amplitude of each perturbation separately, it 
is useful to classify perturbations in two classes: ( 1 ) adiabatic and ( 2 ) en- 
tropic. When all components are in thermal equilibrium, the “adiabatic con- 
ditions”, Spj/{4p^) = 6pj,l{Apj,) = 6pb/(3pb) ^ Spdm/i^Pdm), are satisfied. 
The “entropy perturbations”, Sij, are then defined as a deviation of compo- 
nents i and j from the adiabatic conditions, = ^Ph/{^Ph) ~ ^P'y/i^P'y)^ 
Sdm'y = ^pdm/(^Pdm) ~ ^ P'~i / {^p-r) ^ and SO on. The entropy perturbations have 
more degrees of freedom for choices of initial conditions. One should choose the 
initial conditions for the metric perturbations consistently for a given initial 
condition of density perturbations (e.g., Poisson equation determines curvature 
perturbations, from density perturbations). 

In modern cosmology, it is customary to choose initial conditions for entropy 
perturbations as being “isocurvature”. The isocurvature means that ^ vanis- 
hes initially: some of (if not all) density fluctuations compensate each other to 
make ^ = 0. For example, the “CDM isocurvature model” assumes that pho- 
tons, neutrinos and baryons obey the adiabatic conditions, but Sdm,'^ 7 ^ 0 yields 
^ 0 via Poisson equation. Therefore, the isocurvature initial condition is a 

subgroup of more generic entropic conditions. While simple one-fleld inflatio- 
nary models yield adiabatic initial conditions, models with two or more scalar 
fields generically yield both adiabatic and isocurvature perturbations with corre- 
lations [41, 42]. Also, purely isocurvature perturbations can convert to adiabatic 
perturbations during evolution, if certain conditions are met [43, 44, 45]. There- 
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fore, whether or not there are isocurvature modes at all is a good test of simple 
inflationary scenarios. 

In addition to the type of initial perturbations, one needs to specify the power 
spectrum of the initial (primordial) perturbations: P^{k) and Ps{k)> In fact, the 
angular power spectrum of the CMB, is the initial P^{k) and/or Ps{k) modi- 
fled by acoustic physics and the ISW effect. Therefore, the choice of the initial po- 
wer spectrum directly affects the form of Ci . Most of inflationary models predict 
a nearly power-law initial spectrum: P{k) = Pq (k/ko)^^ i-\- 2 i^'^s/d\nk)in(k/ko) ^ 
where Pq^ ris and dris/dhik are what we call “inflationary parameters” which 
depend on the nature of 0, speciflcally the form of potential energy, F(0). The 
amplitude and the first derivative of V (0) determine Pq, the first and second deri- 
vatives determine n^, and the second and third derivatives determine drig/dhik 
for a given ris [46]. Moreover, some inflationary models predict a significant 
amount of primordial gravitational waves [34]. A ratio of the amplitude of the 
gravitational waves to that of parameterized by r, is solely determined by 
the flrst derivative [46]. It thus provides a clean probe of V'{(j)) if detected by 
the CMB temperature and polarization anisotropies. The slope ris is the most 
important one for two reasons: (1) many inflationary models predict ~ 1 
but ris 7 ^ 1; thus, precise determination of — 1 is a powerful discriminator of 
inflationary models, providing a promising strategy to finding the inflationary 
model, and (2) since affects the overall tilt of Q, it is degenerated with those 
cosmological parameters which also produce the tilt, such as r (see the bottom 
panel of Figure 3) and [14]. An improved determination of r (via the pola- 
rization power spectra) and/or (via the third peak and the damping tale) 

helps to determine ris more precisely. 

The top panel of Figure 4 shows the WMAP constrains on the inflationary 
parameters: n^, dris/dhik and r [13]. We And that a broad class of simple in- 
flationary models with ~ 1, dris/dhik ~ 0 and r ~ 0 is consistent with the 
data. Moreover, the data are consistent with a purely adiabatic initial condition: 
an upperlimit on the fractional contribution from a CDM isocurvature mode 
is < 30% at the 95% confidence level [13]. In summary, the WMAP data have 
confirmed predictions of simple one-field inflationary models: 

(1) “Flatness”: Qtot = 1.04 zb 0.04. 

(2) “Gaussianity”: -58 < /nl < 134 (95%). 

(3) “Scale invariance”: ris = 0.99 zb 0.04. 

(4) “Adiabaticity” : fractional contribution from a CDM isocurvature mode 
being < 30% (95%).^ 

(5) “Super- horizon fluctuations” : an anti-correlation peak of at I 140 
(Figure 3) is a distinct signature of the existence of super-horizon fluctuati- 



^ This constraint is derived from the WMAP data combined with the small-scale CMB 
experiments (CBI and ACBAR), and the 2dF galaxy survey. We have not performed 
the likelihood analysis for admixture of adiabatic and isocurvature fluctuations using 
the WMAP data alone. 
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Fig. 4. Top: Constraining inflationary models [13]: r vs Ug, dug/dlnk vs rig, and 
dug/dlnk vs r from left to right. Top: 68% and 95% constraints from the WMAP data 
alone, Middle: plus the small-scale CMB data from the CBI and ACBAR and the galaxy 
survey data from the Two Degree Field Galaxy Redshift Survey (2dFGRS) [8], Bottom: 
plus the gas clustering data from observations of Lyman-a absorption systems [8]. 
Different colors represent different classes of inflationary models. Bottom: The best-fit 
linear matter power spectrum, P{k) [14]. The thick dashed line (which overshoots at 
large k) is the fit to the WMAP data alone, while the thin solid line is the fit to the 
WMAP plus all the other data sets. The shaded region indicates the 68% region, and 
the thin dotted lines indicate the 95% region. 
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ons [47], which cannot be created unless the universe had undergone an accele- 
rated expansion phase in the past. 

(6) “Gravitational waves” : the WMAP temperature data do not detect sig- 
nificant gravitational waves, but the constraint is still weak: r < 1.28 (95%); 
however, since there is a parameter degeneracy between Ug and r, for some in- 
fiationary models (distinguished by different colors in Figure 4) the constraints 
on r are stringent enough to rule out. For example, monomial potential models, 
V{(j)) oc (jf^ ^ are ruled out for m > 4. Observational data begin to rule out 
popular inflationary models! 



5 Prospects for Constraining Inflationary Models 

The first year observations of the WMAP have shown that we are living in an in- 
teresting universe: the universe has been dominated in turn by inflaton, radiation 
(photons and neutrinos), dark matter, and dark energy. We do not understand 
the nature of three of four dominant energy components in the universe! It is 
remarkable that we have a successful standard cosmological model while having 
little understanding of these three components. 

The CMB is probably the best clue to the nature of inflaton, and it is the only 
way to obtain any constraints on the amplitude of primordial gravitational waves, 
r, until the gravitational wave detectors acquire sufficient sensitivity. However, its 
ability of constraining other inflationary parameters such as Ug and dug/dhik is 
fundamentally limited by the diffusion damping and foreground emission, which 
prevent us from measuring the fluctuation amplitudes on scales smaller than 
k ~ 0.2 Mpc“^. Fortunately, we have complementary data sets that probe small 
scales: galaxy clustering and gas clustering. The bottom panel of Figure 4 shows 
how the galaxy clustering data at 2 : ~ 0 (2dFGRS) and the gas clustering data 
at ^ ^ 3 (Lya) help to expand the length scales that we can measure [8, 14]. 
The left panel shows how these complementary data sets help to constrain the 
inflationary parameters [13]. 

The quality of cosmological data is rapidly improving. The WMAP continues 
to acquire more data for at least four years, and there are more small-scale CMB 
experiments to come. The on-going Sloan Digital Sky Survey will provide impro- 
ved galaxy and gas clustering data sets. Combining these data sets, hopefully, 
one would be able to understand the nature of inflaton. 

The WMAP mission is made possible by the support of the Office of Space 
Sciences at NASA Headquarters and by the hard and capable work of scores 
of scientists, engineers, technicians, machinists, data analysts, budget analysts, 
managers, administrative staff, and reviewers. 
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Abstract. Cosmological observations have in the past few years become an increa- 
singly powerful method for determining parameters within the neutrino sector, such as 
the presence of sterile states and the mass of neutrinos. I review the current status of 
the field in light of recent measurements of the cosmic microwave background by the 
WMAP collaboration, as well as current large scale galaxy surveys. 



1 Introduction 



Neutrinos exist in equilibrium with the electromagnetic plasma in the early uni- 
verse, until a temperature of a few MeV. At this point the weak interactions 
freeze out and neutrinos decouple from the plasma. Shortly after this event, 
the temperature of the plasma falls below the electron mass, and electrons and 
positrons annihilate, dumping their entropy into the photon gas. This heats 
the photon gas while having no effect on neutrinos, and the end result is that 
the photon temperature is larger than the neutrino temperature by the factor 
(11/4)^/^ 1.40. Since the present day photon temperature has been measured 

with great accuracy to be 2.728 K, the neutrino temperature is known to be 
1.95 K, or about 2 x 10“^ eV. Since the heaviest neutrino has a mass of at least 
about 0.04 eV it must at present be extremely non-relativistic and therefore acts 
as dark matter. The contribution of a single neutrino species of mass rriiy to the 
present day matter density can be written as [1, 2, 3] 






rriy 

92.5eV’ 



( 1 ) 



so that for a neutrino mass of about 30 eV, neutrinos will make up all of the 
dark matter. However, this would have disastrous consequences for structure 
formation in the universe, because neutrinos of eV mass have very large free 
streaming lengths and would erase structure in the neutrino density on scales 
smaller than /fs ~ 1 Gpc completely. This leads to an overall suppression 

of matter fluctuations at small scales, an effect which is potentially observable. 



1.1 Absolute Value of Neutrino Masses 

The absolute value of neutrino masses are very difficult to measure experimen- 
tally. On the other hand, mass differences between neutrino mass eigenstates. 
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(mi, 7722, ^ 3)5 can be measured in neutrino oscillation experiments. Observations 
of atmospheric neutrinos suggest a squared mass difference of drn? ~ 3 x 10~^ 
eV^ [4, 5, 6 ]. While there are still several viable solutions to the solar neutrino 
problem from solar neutrino observations alone, the large mixing angle (LMA) 
solution gives by far the best fit with 5m? 5 x 10“^ eV^ [7, 8 ]. Recently the 

KamLAND reactor neutrino experiment has announced a positive detection of 
neutrino oscillations indicating that the LMA solution is indeed correct [9]. 

In the simplest case where neutrino masses are hierarchical these results 
suggest that mi ~ 0 , m 2 ~ ^^soiar, and m 3 ~ <^^atmospheric- If the hierarchy is 
inverted [10, 11, 12, 13, 14, 15] one instead finds m 3 ^ 0, m 2 ~ <^^atmospheric , and 
mi ~ ^^atmospheric- However, it is also possible that neutrino masses are dege- 
nerate [16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26], mi ^ m 2 -- m 3 > ^matmospheric, 
in which case oscillation experiments are not useful for determining the absolute 
mass scale. 

Experiments which rely on kinematical effects of the neutrino mass offer the 
strongest probe of this overall mass scale. Tritium decay measurements have 
been able to put an upper limit on the electron neutrino mass of 2.2 eV (95% 
conf.) [27]. However, cosmology at present yields an even stronger limit which is 
also based on the kinematics of neutrino mass. As discussed before any structure 
in the neutrino density below the free-streaming scale is erased and therefore the 
presence of a non-zero neutrino mass suppresses the matter power spectrum at 
small scales relative to large scale, roughly by APjP ~ —Sfliy/rirn [28]. 

This power spectrum suppression allows for a determination of the neutrino 
mass from measurements of the matter power spectrum on large scales, as well 
as the spectrum of CMB fluctuations. This matter spectrum is related to the 
galaxy correlation spectrum measured in large scale structure (LSS) surveys via 
the bias parameter, b‘^{k) = Pg{k)/Pm{k). Such analyses have been performed 
several times before [29, 30], most recently using data from the 2dFGRS galaxy 
survey [31, 32, 33]. These investigations found mass limits of 1.5-3 eV, depending 
on assumptions about the cosmological parameter space. 

In a seminal paper it was calculated by Eisenstein, Hu and Tegmark that 
future CMB and LSS experiments could push the bound on the sum of neutrino 
masses down to about 0.3 eV [28]. The prospects for an absolute neutrino mass 
determination was discussed in further detail in Ref. [39] where it was found 
that in fact the upper bound could be pushed to 0.12 eV (95% conf.) using data 
from the Sloan Digital Sky Survey and the upcoming Planck satellite. 

More recently the new WMAP data, in conjunction with large scale structure 
data from 2 dFGRS has been used to put an upper bound on the sum of all 
neutrino species of ^mjy < 0.7 eV (95% conf.) [34]. 

However, the exact value of this upper bound depends strongly on priors on 
other cosmological parameters, mainly Hq. In the present paper we calculate 
the upper bound on ^ from present cosmological data, with an emphasis on 
studying how the bound depends on the data set chosen. 

In addition to their contribution to the cosmological mass density neutrinos 
also contribute to the cosmological energy density around the epoch of recombi- 
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nation. Neutrinos which have mass smaller than roughly STj-ec, where Tree — 0.3 
eV is the temperature of recombination, will act as fully relativistic particles 
when it comes to CMB and large scale structure. 

In the standard model there are three light neutrino species with this pro- 
perty. However, these particles are not necessarily in an equilibrium Fermi-Dirac 
distribution with zero chemical potential. It is well known that the universe 
contains a non-zero baryon asymmetry of the order r] = ^ 10“^^. A 

neutrino asymmetry of similar magnitude would have no impact on cosmology 
during CMB and LSS formation, but since the neutrino asymmetry is not direc- 
tly observable it could in principle be much larger than the baryon asymmetry. 
Such a neutrino asymmetry would effectively show up as extra relativistic energy 
density in the CMB and LSS power spectra. 

Another possibility for extra relativistic energy is that there are additional 
light species beyond the standard model which have decoupled early (such as 
the graviton or the gravitino). 

From the perspective of late time evolution at T < 1 MeV it is customary 
to parametrize any such additional energy density in terms of [35], the equi- 
valent number of neutrino species. In Section III we discuss bounds on from 
the present WMAP and 2dFGRS data, combined with additional information 
on other cosmological parameters from the Hubble HST key project and the 
Supernova Cosmology Project. 

However, as will be discussed later, a non-zero neutrino chemical potential 
can have an effect on big bang nucleosynthesis which is profoundly different from 
simple relativistic energy density if it is located in the electron neutrino sector. 

Another important point is that any entropy production which takes place 
after BBN, but prior to CMB formation will only be detectable via CMB and 
LSS observations. One such example is the decay of a hypothetical long-lived 
massive particle at temperatures below roughly 0.01 MeV. 



2 Likelihood Analysis and Data Sets 

The extraction of cosmological parameters from cosmological data is a difficult 
process since for both CMB and LSS the power spectra depend on a plethora 
of different parameters. Furthermore, since the CMB and matter power spectra 
depend on many different parameters one might worry that an analysis which is 
too restricted in parameter space could give spuriously strong limits on a given 
parameter. 

The most recent cosmological data is in excellent agreement with a flat 
ACDM model, the only non-standard feature being the apparently very high 
optical depth to reionization. Therefore the natural benchmark against which 
non-standard neutrino physics can be tested is a model with the following free 
parameters: flrn? the matter density, the curvature parameter, Q5, the baryon 
density, iJo, the Hubble parameter, n^, the scalar spectral index of the primordial 
fluctuation spectrum, r, the optical depth to reionization, Q, the normalization 
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of the CMB power spectrum, 6, the bias parameter, and finally the two para- 
meters related to neutrino physics, and The analysis can be restricted 

to geometrically flat models, i.e. ^ = ftrn + = 1- For the purpose of actual 

power spectrum calculations, the CMBFAST package [36] can be used. 

2.1 LSS Data 

At present, by far the largest survey available is the 2dFGRS [37] of which 
about 147,000 galaxies have so far been analyzed. Tegmark, Hamilton and Xu 
[38] have calculated a power spectrum, P{k), from this data, which we use in 
the present work. The 2dFGRS data extends to very small scales where there 
are large effects of non-linearity. Since we only calculate linear power spectra, 
we use (in accordance with standard procedure) only data on scales larger than 
k = 0.2h Mpc~^, where effects of non-linearity should be minimal [39]. Making 
this cut reduces the number of power spectrum data points to 18. 

2.2 CMB Data 

The CMB temperature fluctuations are conveniently described in terms of the 
spherical harmonics power spectrum Ci = (|a/mP), where ^(^,0) = 

= Since Thomson scattering polarizes light there are addi- 

tional powerspectra coming from the polarization anisotropies. The polarization 
can be divided into a curl- free (E) and a curl (B) component, yielding four 
independent power spectra: Ct,z, Ce,i, Cb,i and the temperature polarization 
cross-correlation Cte,i- 

The WMAP experiment have reported data only on Ct,i and Cte.u as de- 
scribed in Ref. [40, 34, 41, 42, 43] 

We have performed the likelihood analysis using the prescription given by 
the WMAP collaboration which includes the correlation between different Ci's 
[40, 34, 41, 42, 43]. Foreground contamination has already been subtracted from 
their published data. 

In parts of the data analysis we also add other CMB data from the compila- 
tion by Wang et al. [44] which includes data at high 1. Altogether this data set 
has 28 data points. 



3 Numerical Results 

3.1 Neutrino Masses 

The analysis presented here was originally published in Ref. [45] , and more details 
can be found there. 

We have calculated a function of neutrino mass while marginalizing 

over all other cosmological parameters. This has been done using the data sets 
described above. In the first case we have calculated the constraint using the 
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WMAP Ct,i combined with the 2dFGRS data, and in the second case we have 
added the polarization measurement from WMAP. Finally we have added the 
additional constraint from the HST key project and the Supernova Cosmology 
Project. It should also be noted that when constraining the neutrino mass it has 
in all cases been assumed that Nj^ is equal to the standard model value of 3.04. 
Later we relax this condition in order to study the LSND bound. 

The result is shown in Fig. 1. As can be seen from the figure the 95% confi- 
dence upper limit on the sum of neutrino masses is rrijy < 1.01 eV (95% conf.) 
using the case with priors. This value is completely consistent with what is fo- 
und in Ref. [46] where simple Gaussian priors from WMAP were added to the 
2dFGRS data analysis. For the three cases studied we find the following limits: 

< 1.01 eV for WMAP+Wang-h2dFGRS+HST-f SN-Ia 

"^rrijy < 1.20 eV for WMAP-f-Wang-h2dFGRS 

2.12 eV for WMAP-h2dFGRS 

In the middle panel of Fig. 1 we show the best fit value of Hq for a given 

It is clear that an increasing value of can be compensated by a 

decrease in iLg- Even though the data yields a strong constraint on there 

is no independent constraint on in itself. Therefore, an decreasing Hq leads 
to an increasing This can be seen in the bottom panel of Fig. 1. 

When the HST prior on Hq is relaxed a higher value of ^ is allowed, in 
the case with only WMAP and 2dFGRS data the upper bound is < 0.023 
(95% conf.), corresponding to a neutrino mass of 0.71 eV for each of the three 
neutrinos. 

This effect was also found by Elgar 0y and Lahav [46] in their analysis of the 
effects of priors on the determination of ^ rrijy . 

However, as can also be seen from the figure, the addition of high-/ CMB 
data from the Want et al. compilation also shrinks the allowed range of ^ rrijy 
significantly. The reason is that there is a significant overlap of the scales probed 
by high-/ CMB experiments and the 2dFGRS survey. Therefore, even though we 
use bias as a free fitting parameter, it is strongly constrained by the fact that 
the CMB and 2dFGRS data essentially cover much of the same range in A:-space. 

It should be noted that Elgarpy and Lahav [46] find that bias does not play 
any role in determining the bound on ^rrijy. At first this seems to contradict 
the discussion here, and also what was found from a Fisher matrix analysis in 
Ref. [32]. The reason is that in Ref. [46], redshift distortions are included in 
the 2dFGRS data analysis. Given a constraint on the amplitude of fluctuations 
from CMB data, and a constraint on ftrnh^ ? this effectively constrains the bias 
parameter. Therefore adding a further constraint on bias in their analysis does 
not change the results. 
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Fig. 1. The top panel shows as a function of rriu for different choices of priors. The 
dotted line is for WMAP + 2dFGRS data alone, the dashed line is with the additional 
Wang et al. data. The full line is for additional HST and SNI-a priors as discussed 
in the text. The horizontal lines show — 1 and 4 respectively. The middle panel 
shows the best fit values of Hq for a given ^ rriu . The horizontal lines show the HST 
key project Icr limit of Ho = 72 8 kmsMpc~^. Finally, the lower panel shows best fit 

values of Qrn- In this case the horizontal line corresponds to the SNI-a Icr upper limit 
of Qrn < 0.42. 
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Neutrinoless Double Beta Decay 

Recently it was claimed that the Heidelberg-Moscow experiment yields po- 
sitive evidence for neutrinoless double beta decay. Such experiments probe the 
‘effective electron neutrino mass mee = | Given the uncertainties in 

the involved nuclear matrix elements the Heidelberg-Moscow result leads to a 
mass of niee = 0.3 — 1.4 eV. If this is true then the mass eigenstates are necessa- 
rily degenerate, and 3mge- Taking the WMAP result of < 0.70 

eV at face value seems to be inconsistent with the Heidelberg-Moscow result [47] . 
However, already if Ly-a forest data and a constraint on the bias parameter is 
not used in the analysis the upper bound of <1.01 eV is still consistent. 

For this reason it is probably premature to rule out the claimed evidence for 
neutrinoless double beta decay. 

3.2 Neutrino Relativistic Energy Density 

For the case of the effective number of neutrino species we have in all cases 
calculated constraints in the Nj^) plane, while marginalizing over all other 

parameters. The reason for this is that for Big Bang Nucleosynthesis purposes 
these are exactly the important parameters. Therefore, to combine CMB, LSS, 
and BBN constraints the marginalization over should not be performed. 

Furthermore, when constraining we have always assumed that XZ 0 so 

that the neutrino mass has no influence on cosmology. 

We start out by investigating constraints on Ny from CMB and LSS data 
alone. In Fig. 2 we show Ax^ for a global fit to Ny which marginalizes over all 
other cosmological parameters. The overall best fit for the WMAP T and TE 
data, combined with the Wang et al. compilation, the 2dFGRS data, the HST 
key project data on iJo, as well as the SNI-a data on Qrm has = 1467.6 for 
a total of 1395 degrees of freedom. This gives x^/d.o.f. = 1.05 which is entirely 
compatible with the best fit WMAP value for the standard ylCDM model of 
X^/d.o.f. = 1.066. We also show constraints for two other analyses. The first is 
for WMAP and 2dFGRS data alone and the second for WMAP data alone. The 
bounds for the three cases are 

Ny = 4.0t^;? for WMAP-hWang+2dFGRS-hHST+SN-Ia 

Ny = Situ for WMAP-h2dFGRS 

Ny = 2.li^;^ for WMAP only 

These bound are entirely compatible with those found by Grotty, Lesgourgues 
and Pastor [50], and much tighter than the pre-WMAP constraints. 

The constraints derived here are also compatible with what is found by Pier- 
paoli [49], where are assumption of spatial flatness was relaxed. 
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2 4 6 8 

Fig. 2. as a function of ^ for different choices of priors. The dotted line is for 
WMAP data alone, the dashed line is with the additional Wang et al. and 2dFGRS 
data. The full line is for additional HST and SNI-a priors as discussed in the text. The 
horizontal lines show Ax‘^ = 1 and 4 respectively. The middle panel shows the best fit 
values of Hq for a given The horizontal lines show the HST key project la limit of 
Ho = 72 ± 8 kmsMpc~^. Finally, the lower panel shows best fit values of In this 
case the horizontal line corresponds to the SNI-a Icr upper limit of Hm < 0.42. 
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In the lower panels of Fig. 2 we show the best fit values of and Qrn a 
given value of Njy . The main point to note is that the constraint on Nj^ is strongly 
dependent on Hq. This was also found in Ref. [51]. With only CMB data and 
the weak top-hat prior on Hq the bound on Ni, is very weak. Adding the HST 
Key Project prior on Hq cut away a significant amount of parameter space both 
at low and high AT^. Adding the 2dFGRS and Wang et al data mainly has the 
effect of shifting the best fit value to higher but also cuts away the low AT^ 
values, an effect also seen in Ref. [50]. 

In Fig. 3 we show constraints on (Ob/i^,AT^) for the full data set described 
above. The best fit value for is 0.0233, which is equivalent to the value 

found in the WMAP data analysis. In the 2-dimensional plots the 68% and 95% 
regions are formally defined by Ax^ = 2.30 and 6.17 respectively. Note that this 
means that the 68% and 95% contours are not necessarily equivalent to the same 
confidence level for single parameter estimates. 
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Fig. 3. 68% and 95% confidence contours in the (Qbh^ , plane for the WMAP TT 
and TE data, combined with the 2dFGRS data, the HST data on Hq and the SNI-a 
data on Qrn- 




It should be noted here that in addition to an upper bound on Njy there 
is also a 3.0<j confidence detection of AT^ > 0. This is in concordance with the 
pre-WMAP data from which a non-trivial lower bound on Nj^ could also be 
derived. 
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Adding BBN information - In the case where all the relativistic energy 
density contained in is produced prior to BBN, a BBN constraint can be 
added to the CMB and LSS constraint without any problems. In practice we 
have used abundances of He-4 and D to make constraints in the ^Njf) 

plane. We use the following values for the primordial abundances [53, 54] 
D/H = 2.78tg;38 and Yp = 0.238 ± 0.005 

This calculation is shown in Fig. 4. In terms of a single parameter constraint 
on Ni, it is Njy — 2.61q; 3 ^ conf.). Compared to the recent calculation 

by Abazajian [52] of a BBN-only constraint of 1.7 < Nj^ < 3.5 (95 % conf.) 
this is a significant improvement. Very interestingly the new limit suggests the 
possibility that is actually less than 3. This is for instance possible in scenarios 
with extremely low reheating temperature [55, 56]. Note that this result is also 
consistent with the calculation by Barger et al. [57], although t heir preferred 
region is slightly different because they do not include large scale structure data 
in their analysis. 
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Fig. 4. 68% and 95% confidence contours in the , Njy) plane for the same data 

sets as in fig. 3, but with the addition of BBN data. The lined contours are the 68% 
and 95% regions for BBN data alone. 
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Of course this conclusion is mainly based on the fact that CMB and LSS data 
prefers a slightly higher value of than BBN. It should also be stressed that 
the estimates of the primordial abundances could be biased by systematic effects 
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so that the quoted statistical error bar is not really meaningful. Therefore it is 
probably premature to talk of any inconsistency between the Nj^ = S prediction 
of the standard model and observations. 

In fact the argument can also be reversed. If Ni^ is fixed to the standard model 
value of 3 then then CMB and LSS constraint on provides an accurate 

measurement of primordial He-4. Using the derived constraint on the 95% 

confidence range for Yp is 0.2458 < Yp < 0.2471. This could point to a serious 
underlying systematic effect in observational determinations of Yp, as discussed 
in Ref. [58]. 

3.3 Combining ^2 With Nj^ - Constraining LSND 

From the analyses in the above two sections it was found that: (a) An increasing 
^ rriiy can be compensated by a decreasing Hq and (b ) An increasing can be 
compensated by an increasing Hq. One might therefore wonder whether a model 
with non-zero ^ , combined with N^, > 3 can provide a good fit to the data. 

In order to test this we have performed a likelihood analysis for for 

different values of Nj^. We show this in Fig. 5. This analysis was performed with 
all available data and priors. 

As can be seen from the figure, the best fit actually is actually shifted to 
higher ^nriu when increases, and the conclusion is that a model with high 
neutrino mass and additional relativistic energy density can provide acceptable 
fits to the data. As a function of the upper bound on 95% 

confidence) 

< 1.01 eV for = 3 

^ rrii, < 1.38 eV for Njy = 4 

^ 2.12 eV for Njy = 5 

This has significant implications for attempts to constrain the LSND experi- 

ment using the present cosmological data. Pierce and Murayama conclude from 
the present MAP limit that the LSND result is excluded [47] (see also Ref. [48]). 

However, for several reasons this conclusion does not follow trivially from 
the present data. In general the three mass differences implied by Solar, at- 
mospheric and the LSND neutrino measurements can be arranged into either 
2-h2 or 3-hl schemes. Recent analyses [59] of experimental data have shown 
that the 2-h2 models are ruled out. The 3+1 scheme with a single mas- 
sive state, 777,4, which makes up the LSND mass gap, is still marginally allo- 
wed in a few small windows in the { Am^ ^ sin^ 20) plane. These gaps are at 
{Am‘^, sin^ 20) - (0.8eV^2 x IQ-^), (1.8eV^ 8 x IQ-^), (6eV^ 1.5 x 10“^) and 
(10eV^1.5 X 10 ^). These four windows corresponds to masses of 0.9, 1.4, 2.5 
and 3.2 eV respectively. From the Solar and atmospheric neutrino results the 
three light mass eigenstates contribute only about 0.1 eV of mass if they are 
hierarchical. This means that the sum of all mass eigenstate is close to 7714 . 
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Fig. 5. Ax^ as a function of Y^rriiy for various different values of Ni^. The full line 
is for Njy = 3, the dotted for Ni^ = 4, and the dashed for = 5. Ax^ is calculated 
relative to the best fit Niy = 3 model. 



The limit for Njy = 4 which corresponds roughly to the LSND scenario is 
<1.4 eV, which still leaves the lowest of the remaining windows. The 
second window at m ~ 1.8 eV is disfavoured by the data, but not at very high 
significance. 



4 Discussion 

We have calculated improved constraints on neutrino masses and the cosmolo- 
gical relativistic energy density, using the new WMAP data together with data 
from the 2dFGRS galaxy survey. 

Using CMB and LSS data together with a prior from the HST key project on 
Hq yielded an upper bound of ^rriiy < 1.01 eV (95% conf.). While this excludes 
most of the parameter range suggested by the claimed evidence for neutrinoless 
double beta decay in the Heidelberg- Moscow experiment, it seems premature to 
rule out this claim based on cosmological observations. 

Another issue where the cosmological upper bound on neutrino masses is very 
important is for the prospects of directly measuring neutrino masses in tritium 
endpoint measurements. The successor to the Mainz experiment, KATRIN, is 
designed to measure an electron neutrino mass of roughly 0.2 eV, or in terms of 
the sum of neutrino mass eigenstates, < 0.75 eV. The WMAP result of 
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^rrij^ < 0.7 eV (95% conf.) already seems to exclude a positive measurement of 
mass in KATRIN. However, this very tight limit depends on priors, as well as 
Ly-a forest data, and the more conservative present limit of Y^rriiy < 1.01 eV 
(95% conf.) does not exclude that KATRIN will detect a neutrino mass. 

From the data we also inferred a limit on Nj^ of ? (95% conf.) on 

the equivalent number of neutrino species. This is a marked improvement over 
the previous best limit of roughly Njy < 13 [51, 60]. 

When light element measurements of He-4 and D are included the bound 
is strengthened considerably to = 2.6]to'3 (95 % conf.). Interestingly this 
suggests a possible value of which is less than 3. This could be the case for 
instance in scenarios with very low reheating temperature where neutrinos were 
never fully equilibrated [55, 56]. However, it should be stressed that primor- 
dial abundances could be dominated by systematics. Therefore it is probably 
premature to talk of a new BBN “crisis” . 

Finally, we also found that the neutrino mass bound depends on the total 
number of light neutrino species. In scenarios with sterile neutrinos this is an 
important factor. For instance in 3-hl models the mass bound increases from 1.0 
eV to 1.4 eV, meaning that the LSND result is not ruled out by cosmological 
observations yet. 
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Abstract. In this talk I review a recently proposed modulation of the power spectrum 
of primordial density fluctuations generated through transplankian (maybe stringy) ef- 
fects during inflation. I briefly discuss the mechanism leading to the modulation, apply 
it to a generic slow-roll scenario of inflation and argue that the effects obtained are 
rather generic signatures of transplanckian physics. I also investigate how these pri- 
mordial modulation effects may leave an imprint in the cosmic microwave background 
radiation, possibly detectable by satellite experiments. 



1 Introduction 

In this talk I will discuss the intriguing possibility that effects of physics beyond 
the Planck scale might be visible on cosmological scales in the spectrum of the 
cosmic microwave background (CMBR) fluctuations. The physical mechanism 
that could make this possible is inflation. It is quantum fluctuations of the in- 
flaton field that are believed to be the source of the structure present in the 
CMBR. 

In the standard inflationary scenario, initial conditions for the inflaton field 
are imposed in the infinite past when the wavelength of the fluctuations relevant 
for the CMBR becomes infinitely small. In this limit the eflFect of the inflatio- 
nary horizon and the expansion of the universe can be ignored, the space time 
is essentially Minkowsky, and there is a unique vacuum for the inflaton field. 
This vacuum is usually called the Bunch-Davies vacuum. The problem with this 
reasoning is the extrapolation of field theory to the very smallest length scales, 
when stringy or transplanckian physics is likely to be important. Clearly this 
is an assumption that needs to be carefully scrutinized. Could there be effects 
of new physics that will change the predictions of inflation? In particular one 
could worry about changes in the predictions of the CMBR fluctuations. Several 
groups have investigated various ways of modifying high energy physics in order 
to look for such modifications, [1-39]. 

Without a good understanding of physics near the Planck, or string-, scale, 
one can also take a purely empiricist point of view, as advocated in [27], and 
simply encode the new physics in the choice of initial conditions when a mode 
of the inflaton has a wavelength comparable to the scale where new physics is 
expected. (See also [11].) Since the mode will not be infinitely small compared to 
the inflationary scale, the time dependence of the background will be important 
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and the choice of initial conditions not unique. The effects on physics at lower 
energies will then be encoded in the choice of a vacuum not necessarily the same 
as the Bunch-Davies vacuum. 

As I will review in Section 3, the general expectation is that the effects will 
be of linear order in Hj where H is the Hubble constant during inflation and 
A the scale where new physics appears. Smaller corrections would suggest some 
kind of fine tuning and require knowledge of planckian physics in order to be 
justified. As I will review, this is of great interest when one interprets the results 
from the WMAP-, [40], and Planck-, [41], satellites, [42]. 

The organization of the paper is as follows. In Section 2 I review the main 
idea behind the proposal. In section 3 I make some rough estimates of the kind of 
signatures that one can expect from reasonable high energy physics. In Section 4 
I take a time out and discuss various objections to the proposal. In section 5 
observational consequences are discussed and section 6 is devoted to conclusions. 



2 Main Idea 

What we would like to do is to use inflation as a giant microscope to study 
physics near the Planck scale. Inflation magnifies microscopic quantum fluctua- 
tions into cosmic size, and thereby provides seeds for structure formation. The 
details of physics at the highest energy scales is therefore reflected in the distri- 
bution of galaxies and other structures on large scales. The fluctuations begin 
their life on the smallest scales and grow larger (in wavelength) as the universe 
expands. Eventually they become larger than the horizon of de Sitter space and 
freeze. That is, different parts of the wave can no longer communicate with each 
other since light can not keep up with the expansion of the universe. This is a 
consequence of the fact that the scale factor grows faster than the horizon - a 
defining property of an accelerating and inflating universe. At a later time, when 
inflation stops, the scale factor will start to grow slower than the horizon and 
the fluctuations will eventually come back in again. 

But how is the structure of the microscopic fluctuations determined? In a 
time dependent background - where there are no global timelike Killing vectors 
- the definition of a vacuum is highly non trivial. In the ideal situation one 
has an initial, asymptotically Minkowsky like region, where one can define an 
in-vacuum. This vacuum will then time evolve through an intermediate time 
dependent era and then end up in a final Minkowsky like region. Typically the 
initial vacuum will not evolve into the final vacuum but rather correspond to an 
excited state with radiation. One example is a star that collapses into a black 
hole where it is well known that one obtains Hawking radiation. Technically, the 
excited state is related to the vacuum through a Bogolubov transformation. 

It is easy to see that a similar phenomena can be expected in de Sitter 
space. But here the situations is, in a sense, even tricker since the universe 
(in Robertson- Walker coordinates) always is expanding. How do we choose the 
initial state in an unambiguous way? Luckily the very same property - the 
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acceleration - which make inflation so successful in other respects, can also help 
us here. If we follow a given fluctuation backwards in time, its wavelength will 
become arbitrarily smaller than the horizon radius. This means that deviations 
from Minkowsky space will become less and less important and the vacuum 
essentially unique - the Bunch-Davies vacuum. 

The fact that a unique vacuum is picked out is an important property of 
inflation and is an example of how inflation does away with the need to choose 
initial conditions. But, and this is the main point, the argument relies on being 
able to follow a mode to inflnitely small scales which comes into conflict with 
the presence of a fundamental scale - Planckian or stringy - where physics could 
be completely different. The Bunch-Davies vacuum remains a vacuum candidate 
but, contrary to the case where the initial conditions are imposed in the inflnite 
past, it is not the unique choice that one can argue for. 

A more conservative approach would be to impose initial conditions on all 
modes when their wavelengths coincide with the fundamental scale. In the next 
section the consequences of this proposal will be investigated. 



3 A Prediction 



Let us now, following [27], provide a typical example of the kind of corrections 
one might expect due to changes in the low energy quantum state of the inflaton 
field due to transplanckian effects. First we need to find out when to impose the 
initial conditions for a mode with a given (constant) comoving momentum k. To 
do this it is convenient to use conformal coordinates rather than the standard 
Robertson- Walker coordinates where the inflating metric is given by 

ds^ = dt^ — a dx^, ( 1 ) 



with the scale factor given by a {t) = . The conformal coordinates are ob- 
tained by defining 77 == fhe metric takes the form 

■ ( 2 ) 

We now note that the physical momentum p and the comoving momentum k 
are related through 



k = ap = — 



P 

7]H' 



(3) 



and impose the initial conditions when p = A, where A is the energy scale 
important for the new physics. This scale could be the Planck scale or the string 
scale. We find that the conformal time when the initial condition is imposed to 
be 



Vo = - 



A 

Hk' 



(4) 
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As we see, different modes will be created at different times, with a smaller linear 
size of the mode (larger k) implying a later time. 

To proceed we need the equation of motion for the scalar field (ignoring the 
potential) 

4 > + = 0 , ( 5 ) 



which in terms of the conformal time ry, and the rescaled field ji = acf), becomes 

M-k + Mfe = 0. (6) 

A nice discussion of the quantization of the system can be found in [43] . In terms 
of time dependent oscillators we can write 

l^k iv) = (flfc iv) + a-k iv)) (7) 

TTfc iv) = iJ^'k in) + ^iJ-k iv) = («fc (^) - (^)) > 

which also can be expressed in terms of oscillators at a specific moment using 
the Bogolubov transformation 

flfe {ri) = Uk iv) o-k ivo) + Vk in) a-k iVo) (8) 

alfc iv) = u*k iv) alk i'no) + < (v) ak (vo) ■ 

We find 

Mfc iv) = fk iv) ak ivo) + fk iv) oLfe iVo) , (9) 

where 

fk (j?) = {Uk iv) + (r?)) (10) 



is a solution of the mode equation (6). The solution can be written as the linear 
combination 



where 



fk = 



( 1 

^/^ V 








\Akf-\Bkf = l. 



( 11 ) 



( 12 ) 



We are now in the position to start discussing the choice of vacuum. Without 
knowledge of the high energy physics we can only list various possibilities and 
investigate whether there is a typical size or signature of the new effects. As an 
example, we will focus on a choice of vacuum determined by 
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fflfe (%) |0,%) = 0. (13) 

This vacuum should be viewed as a typical representative of other vacua besi- 
des the Bunch-Davies, It can be characterized as a vacuum corresponding to a 
minimum uncertainty in the product of the field and its conjugate momentum, 
[43], the vacuum with lowest energy (lower than the Bunch-Davies) [11], or as 
the instantaneous Minkowsky vacuum^. Therefore, it is as special as the Bunch 
Davies vacuum and there is no a priori reason for planckian physics to prefer 
one over the other. 

We note that we in general have a class of different vacua depending on the 
parameter t]o. At this initial time it follows from Eq. (8) that Vk (r]o) = 0, which, 
with the help of Eq. (7) and Eq. (11), will constrain and Bk to obey 



Bk = 



j^^-2ikr]o 

Ak . 

2kr]o + i 



(14) 



Note that for rjo —oo one finds A^ = 1 and Bk = 0 which implies that 
the Bunch-Davies vacuum is recovered. The reason that the new vacuum is de 
Sitter invariant has to do with the way that the initial conditions for a mode 
are imposed. The crucial point is that this is done at a fixed scale, not a fixed 
time, and as a consequence physics will actually be independent of time (up to 
changes in the inflationary cosmological constant). 

We are now in a position to calculate the expected fluctuation power spec- 
trum. Some simple algebra leads to 

= {\<Pk{v)f) = 




This result should be viewed as a typical example of what to be expected 
from transplanckian physics if we allow for effects which at low energies reduce 
to changes compared to the Bunch-Davies case. We note that the size of the cor- 
rection is linear in H/A, and that a Hubble constant that varies during inflation 
give rise to a modulation of the spectrum. As argued in [27], the modulation is 
expected to be a quite generic effect that is present regardless of the details of the 
transplanckian physics. (See also [30] for a discussion about this). After being 
created at the fundamental scale the modes oscillate a number of times before 
they freeze. The number of oscillations depend on the size of the inflationary 
horizon and therefore changes when H changes. A varying Hubble constant is 
crucial for a detectable signal, since a Hubble constant that does not vary du- 
ring inflation would just imply a small change in the overall amplitude of the 

^ As observed in [44] the exact caracterization of the vacuum depends on the canonical 
variables used. 
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fluctuation spectrum which would not constitute a useful signal. Luckily, since 
the Hubble constant is expected to vary, the situation is much more interesting. 

The fact the effects are linear in Hj A is also extremely important. If the 
effects would come in at a higher power they would not be detectable unless we 
invoke more exotic models of high energy physics involving large extra dimen- 
sions. Discussions of such possibilities can be found in [45]. What we will argue 
for here, is that rather conservative models based on naturally occurring scales 
and expectations from string theory give rise to effects that could be within 
reach. 



4 Time Out 

4.1 Consistency? 

There has been extensive discussions of these results in the literature and their 
relevance for detectable transplanckian signatures. As pointed out in [29] the 
initial condition approach to the transplanckian problem allows for a discussion 
of many of thfe transplanckian effects in terms the a-vacua. These vacua have 
been known since a long time, [46, 47, 49, 50, 51], and corresponds to a family 
of vacua in de Sitter space that respects all the symmetries of the space time. 

In [24, 52, 53, 54] it has been pointed out that there could be tricky problems 
with field theories based on non trivial vacua of this sort. To be more specific, 
in [52, 53] it has been argued that loop amplitudes with non-trivial a-vacua not 
necessarily are well defined. In both papers one loop amplitudes were investigated 
and failed to give finite and well defined results. In [52] it was shown that non 
local counter terms in the action were needed. In [53] the analytic structure 
of the Greens functions (for lightlike separated points) indicated that pinched 
singularities iii the loop integrations make the results ill defined. These problems 
are clearly of great interest and it is a challenge to make sense out of the field 
theory under these circumstances. 

None of these problems are, however, necessarily relevant to the issue of 
transplanckian physics in cosmology for a very simple reason, [32] (see also [33] 
for a similar point if view). The whole point with the transplanckian physics, 
as explained in the introduction, is to find out whether effects beyond quantum 
field theory can be relevant for the detailed structure of the fluctuation spectrum 
of the CMBR. Without a planckian cutoff there is no reason to impose initial 
conditions ' at any finite scale. The only natural procedure is to go to the infinite 
past, when] the modes are infinitely small, and make the choice there. For these 
small scales the expansion of the universe is irrelevant and there is a unique 
natural choice of vacuum. This would, indeed, be the end of the story in a world 
without a Planck scale (and dynamical gravity) in which quantum field theory 
could be trusted to; all energies. The issue of a-vacua, and transplanckian physics, 
would never arise. But in the real world we do expect quantum field theory to 
break down at high enough energy to be replaced by something else, presumably 
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string theory. The modest proposal behind [27] is simply that we should allow 
for this uncertainty in the possible outcome and investigate the consequences. 

To summarize, the issue of a-vacua only appears when one takes a planckian 
cutoff into account. The a-vacua not only needs a planckian cutoff to be of 
physical relevance, they need a planckian cutoff to make physical sense. In other 
words, the quantum field theory loop amplitudes needs planckian input to give 
well defined answers. In this context one should note that a rough cutoff in 
the sum over momenta and energies in the propagators at the Planck scale, 
regulates singularities in the Greens functions that occur when the insertions 
can be joined by a light ray. With these regulated Greens functions finite loop 
amplitudes can be constructed, even though their values are sensitive to exactly 
how the cutoff is implemented, that is, the results depend on transplanckian 
physics. The main point is that in a quantum gravity theory, where the Planck 
scale plays an important role, space time points are expected to be effectively 
smeared to a size of order Planck scale. That is, it is meaningless to claim, for 
instance, that you sit exactly on a light cone. 

4.2 UHECR? 

As discussed in [55], the CMBR is not the only way to detect non-standard 
vacua. Another possibility would be through high energy cosmic rays. Following 
[55], it is reasonable to assume that similar vacuum selection effects take place 
today as during infiation - after all the universe is still expanding - and to 
conclude that there will be production of high energy radiation in the present 
universe. It is argued in [55] that this already puts stringent limits on possible 
effects on the CMBR. The main argument is that radiation produced at, say, the 
Planck or string scale due to the non-standard vacuum, necessarily will cascade 
down in energy and eventually end up as high energy gamma rays. Observations 
of the gamma ray background severely constrain how much the vacuum can 
deviate from the standard one. While there is a certain tension between these 
results I believe that the extrapolation over many orders of magnitude from 
the inflationary period to the present day universe is sufficiently uncertain that 
one can not make definite statements at the present time. The most reasonable 
strategy seems to be to pursue both approaches in looking for detectable effects. 



Let me now turn to possible observable consequences. I will discuss what happens 
using slow roll parameters^, see, e.g., [56], where in particular. 



5 Can It Be Seen? 




(16) 



^ In [28] the case of slow roll was also studied. For our purposes, however, a small e 
expansion around the de Sitter case is adequate. 
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with Mpi = llVSnG ~ 2 • lO^^GeV as the (reduced) Planck mass. It is not 
difficult to show (using that H is to be evaluated when a given mode crosses the 
horizon, k = aH) that 



which gives 



dH _ sH 
dk ~ T’ 

H r^k~^. 



(17) 



(18) 



The k dependence of H will translate into a modulation of P{k)^ with a peri- 
odicity given by 



Ak ttH 
k sA ’ 



(19) 



The overall amplitude of the CMBR spectrum (at the largest scales, still outside 
the causal horizon at the time of photon decoupling) is given by 



,1 






V 



247t 2M4 e 



which is restricted through measurements according to 

yi/4 

~ 0.027Mpi = /3Mpi. 
Using the Friedmann equation one finds 



= 









from which it follows that 



H 



4 • 10-^A/i. 



Mpi 

We now put the scale where initial conditions are imposed to be 



( 20 ) 



( 21 ) 



( 22 ) 



(23) 



which implies that 



-4 ^Adpi , 



(24) 



Ak ttH , 1 

— ^ ~ — - — ~ 1 3 • 10 “^ 

k ejMpi V37v/i 



( 25 ) 



and 
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4 . 10 - 4 :^. (26) 

A 7 

To be more specific, let me consider a realistic example. In the Horava- Witten 
model [57, 58], unification occurs roughly at the same scale as a fifth dimension 
becomes visible and also comparable to the string scale and the higher dimensio- 
nal Planck scale. For a discussion and references see, e.g., [59] or [24]. As a rough 
estimate we therefore put A = 2 • 10^^ GeV. This is a rather reasonable possibi- 
lity within the framework of the heterotic string and corresponds to 7 = 0 . 01 . 
The Hubble constant during inflation can not be much larger than iJ = 7 • 10^^ 
GeV, corresponding to e = 0.01. Using these values we find 



B 

~A 

k 



- 0.004 



= Alnk ^ 1. 



This means one oscillation per logarithmic interval in k, which fits comfortable 
within the parts of the spectrum covered by high-precision CMBR observation 
experiments. 

As I have already emphasized, it is important to note that the transplanckian 
effects, regardless of their precise nature, have a rather generic signature in form 
of their modulation of the spectrum. If it had just been an overall shift or tilt 
of the amplitude it would not have been possible to measure the effect even if it 
had been considerably larger than the percentage level. The shift would just have 
gone into a changed value or slope of, e.g., H. With a definite signature we can use 
several measurement points throughout the spectrum, as discussed in more detail 
in [42]. There it was argued that Planck might be able to detect transplanckian 
effects at the 10~^ level, which would put the Hofava-Witten model within range, 
or at least tantalizingly close. In this way one can also beat cosmic variance 
that otherwise would have limited the sensitivity to about 10“^ at best. (To 
make a more definitive statement, a more careful analysis of covariance of the 
transplanckian signature with a large number of other cosmological parameters 
will be needed, something we leave for future work.) 

We see from Eq. (26) that, for fixed s, it is reasonable to expect a range of 
values of 7 within the reach of Planck (or even WMAP). Too large 7 and the 
amplitude will be too small. Too small 7 and the period will be too long, but in 
an intermediate region the effects could be observable. 

Let us now define C i-e. ^ ~ 4 • 10“^^, and review the results of [42] 

in more detail. For the Hofava-Witten values of the parameters {e = 0.01, ^ = 
0.004) it was shown that in the (idealized) case of knowing all other parameters, 
the effect is right at the limit of being observable by Planck with the likelihood 
of a chance occurrence of such a modulation being around 17 %. For a slightly 
larger value of which can be obtained by a larger e and/or smaller 7 , the 
transplanckian modulation would be clearly visible. For instance, with the same 
value of e and 7 = 0.003, the effect would have a significance of around 10 
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standard deviations. Likewise, for e = 0.03 and 7 = 0.01, the significance is 
around 3 standard deviations. For the favorable case s = 0.03, 7 = 0.003 (or ^ = 
0 . 02 , still well within reasonable bounds of what one can expect for the unknown 
transplanckian physics) the significance of the modulation would approach 16 
standard deviations. In fact, it was shown how the effects for e = 0.01 and 7 = 
0.003 ^ 0.013) are visibly larger than those obtained by changing the baryon 

fraction by 1 %, and the latter is definitely within reach of the Planck satellite 
as shown in the analysis of [61]. For the case e = 0.03, 7 = 0.003 = 0.023), 

the effects would already start to be noticeable in the WMAP experiment. Using 
the parameters listed as MAP+ in [61], a calculated significance between 3 and 
4 standard deviations was obtained in [42]. 

It is amusing to note that the kind of deviations with a running index that 
has been discussed to be able to interprete the WMAP-data, see e.g. [60], can 
be mimicked by finetuning the e and 7 parameters.^ Thus, the CMBR may hold 
the clue to one of the most exciting problems of today’s theoretical physics, that 
of what happens to space-time for distances smaller than the string or Planck 
lengths. 



6 Conclusions 

What is, then, the conclusions to be drawn? I have shown that in one of the 
simplest and, in a sense, most natural scenarios which encodes our ignorance 
about physics at or near the Planck scales, the CMBR appears as a very inte- 
resting source of information which may give the first glimpses of how Nature 
works at its smallest - and largest - scales. The results are very encouraging, 
and a careful study of present and future data should be undertaken looking for 
possible modulations. It is a new kind of “exotic” feature with distinct signa- 
ture that should be experimentally investigated irrespective of the state of the 
theoretical discussion which has not yet reached a consensus at the present time. 
Even a negative result will put meaningful restrictions on physics near the string 
or Planck scale, and provide valuable guidance to the theoretical work. 

To conclude: maybe there is no signal at all and the vacuum contains no traces 
of transplanckian physics, but I have argued that probably there is at least some 
small deviation, and I have also proposed that perhaps it is even visible! 
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Abstract. The experimental data of the past decade suggests that the quantum gra- 
vity vacuum should possess two key ingredients. The existence of three generations 
and their embedding in SO{10) representations. The Z 2 x Z 2 orbifold of the heterotic 
string provides examples of vacua that accommodate these properties. The utilization 
of string dualities to explore these models is discussed. Classification of the Z 2 x Z 2 or- 
bifold with geometric shifts on complex manifolds demonstrates that three generations 
are not obtained solely with symmetric shifts on complex tori, but necessarily utilize 
an asymmetric shift or a nonperturbative breaking of the GUT gauge group. The issue 
of mass and mixing spectrum in the neutrino versus the quark sector is examined. 



1 Introduction 

1.1 Experimental Guidelines 

The passing decade provided remarkable amount of high quality experimental 
data, that deeply affects our perception of physical reality. The collider experi- 
ments, in particular the LEP collaboration at CERN [1], confirmed the validity of 
the Standard Model to a degree precedented only by quantum electrodynamics. 
The precision measurements at LEP also yielded one of the vital experimental 
clues for physics beyond the Standard Model. By restricting the number of light 
left-handed neutrinos below the Z-threshold to Ni^ ^ 3, LEP has constrained 
the number of light chiral generations to be three and only three! This obser- 
vation is one of the vital clues in the quest for the fundamental unification of 
the matter and interactions. In the course of the previous decade the impressive 
output of the LEP collaboration continued relentlessly, providing for the first 
time solid confirmation of the three and four gauge boson vertices, hence confir- 
ming the non- Abelian character of the electroweak interactions. The wealth of 
experimental data from LEP is a triumph of scientific indulgence. 

In the passing five years the neutrino observatories produced revealing new 
data on the neutrino sector of the Standard Model [2, 7, 54], with profound 
implications on its fundamental origins. This new data represents the pinnacle 
of accumulative and steady progress in the experimental detection of neutrinos 
over the past fifty years. For the first time it provides conclusive evidence that 
the neutrinos are massive and that the Standard Model spectrum is augmented 
by the right-handed neutrinos. While this eventuality has been anticipated since 
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the early seventies [5], one should note the profound difference between naive 
theoretical expectations versus the experimentally confirmed observations. 

In the past year the WMAP collaboration [6] provided unprecedented ac- 
curate measurements of the cosmic microwave background radiation. The new 
data impose further constraints on the range of allowed neutrino masses. But, 
perhaps more importantly, it brings cosmological observations closer to provi- 
ding valuable quantitative data that may prove to be revealing on the physical 
properties of the universe. In the least it provides further accurate data on the 
energy composition of the universe. Perhaps more intriguing is the, yet statisti- 
cally insignificant, indications of correlations at large angles. If proved correct 
these will have unprecedented implications on the structure of the universe. In 
particular on its potential realization in the framework of string theory. 

Lastly, the forthcoming decade promises to be even grander, with AUGER, 
PLANCK, LHC, The Linear Collider (TLC), and other experiments. 



1.2 Theoretical Considerations 

The augmentation of the Standard Model by the right-handed neutrinos has 
profound implications on its fundamental origin. It provides strong support for 
the embedding of the Standard Model spectrum, generation by generation, in 
spinorial 16 representation of S'O(IO). Furthermore, the neutrino data from cos- 
mic and reactor experiments indicate surprising new structures that go beyond 
the conventional GUT expectations. The observational data from collider fa- 
cilities and cosmic observatories indicates two pivotal ingredients in the quest 
to understand the fundamental origins of the Standard Model. The existence 
of three generations and their embedding, generation by generation, in spino- 
rial 16 representations of S'O(IO). In addition to the gauge sector the Standard 
Model data consists of the flavor sector. While the gauge observables find their 
natural origins in Grand Unified Theories, the flavor observables do not. This 
implies that fundamental understanding of the flavor parameters must arise from 
a theory that unifies the gauge and gravitational interactions. String theory pro- 
vides a consistent contemporary framework for perturbative quantum gravity. 
As such string theory produces viable machinery to study how a fundamental 
theory of quantum gravity may determine the Standard Model parameters. 

Additionally the consistency of string theory requires some additional struc- 
tures beyond the Standard Model. These arise in the form of extra dimensions, 
supersymmetry and additional matter and gauge states beyond the SM spec- 
trum. The question, however, is whether these additional structures yield any 
experimental imprints that may be observed. Since the main collider experiments 
in the forthcoming decades will target the physics at the electroweak scale, and 
the associated Higgs mass generation mechanism, it is hoped that at least some 
of these structures will be accessible in such experiments. These may come in 
the form of low scale supersymmetry, or large extra dimensions that arise in 
some limits of the underlying string theory. Additionally, proton decay experi- 
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merits and cosmic observatories may provide experimental probes to the physics 
at larger scales. 

The utility of string theory in my view is to study how the parameters of the 
Standard Model may arise from a theory of quantum gravity. In the past few 
years a new view of string theories has been developed [7]. In the framework of 
M-theory the five different string theories in ten dimensions, together with ele- 
ven dimensional supergravity are seen to be limits of a more fundamental theory, 
traditionally dubbed M-theory. We should therefore question how this new pic- 
ture affects the utilization of string theory toward phenomenological studies. In 
this respect we should regard the perturbative string limits as effective limits, 
non of which can fully characterize the true vacuum, which should possess some 
non-perturbative realization. The new picture of M-theory suggests that the ef- 
fective limits may at best probe some features of the non-perturbative vacuum, 
and that different limits may be instrumental to extract different properties. For 
example, the 50(10) embedding of the Standard Model spectrum can only be 
seen in the heterotic limit because this is the only limit that gives rise to the 
chiral 16 of 50(10) in the effective low energy field theory. On the other hand, 
in the perturbative heterotic-string limit the dilaton, whose VEV governs the 
string gauge and gravitational couplings, has a run-away potential and cannot 
be stabilized at a finite value. However, we should regard the heterotic limit as 
the zero coupling expansion of the more basic theory. With our present under- 
standing of string theories in the context of their M-theory embedding it is clear 
that we should not in fact expect the dilaton to be stabilized in the heterotic 
limit. In order to stabilize the dilaton we have to move away from the zero cou- 
pling expansion, or to move away from the perturbative heterotic-string limit. 
The existence of the classical eleven dimensional limit in which the dilaton is 
interpreted as the moduli of the eleventh dimension lends credence to this gene- 
ral expectation. Thus, the issue of dilaton stabilization may be more accessible, 
even if not yet fully resolved, in other limits of the underlying theory, rather 
than in the perturbative heterotic string limit. 

The new M-theory picture therefore suggests the following approach toward 
utilization of string theory for phenomenological studies. Suppose that in some 
effective limit we are able to identify a string vacuum that exhibits viable phe- 
nomenological characteristics. This would entail identifying a particular class of 
string compact ifications on which the effective string theory is compact ified. The 
new picture of M-theory then suggests that additional information on the pro- 
perties of the non-perturbative vacuum may be gleaned by compactifying other 
string limits on the same class of manifolds. 

In this talk I will discuss the efforts to develop such an approach undertaken 
by the string phenomenology group at Oxford. Additionally I will discuss recent 
work the geometrical correspondence of the three generation free fermionic mo- 
dels. These models explain the origin of the three generations as arising from 
the three twisted sectors of the Z 2 x orbifold compactification. Hence the 
improved understanding of the geometrical correspondence of the free fermionic 
models aims to develop a geometrical explanation for the origin of the three ge- 
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nerations. I discuss the potential implications of the large neutrino mixing angles 
for string and beyond the Standard Model phenomenology, and recent efforts ai- 
med at developing the tools to utilize the forthcoming Ultra High Energy Cosmic 
Ray (UHECR) experiments to probe physics beyond the Standard Model and 
string theory. 



2 High Versus Low 

To illustrate the approach toward string phenomenology advocated in this pa- 
per we have to make some judicial assumptions in regard to the physics beyond 
the Standard Model. There are basically two orthogonal directions that may be 
pursued. The first assumes that the Standard Model remains perturbative up to 
a very high scale, and that the ultra-violet cut-off, set by quantum gravity, is at 
the Planck scale. The second essentially assume that the Standard Model breaks 
down already not far beyond the electroweak scale and that the ultra-violet non- 
perturbative cut-off is at the TeV, or multi-TeV scale. In this paper the first 
possibility is pursued. Aside from the elegant SO (10) embedding of the Stan- 
dard Model spectrum, this case is also supported by the viability of logarithmic 
running of the Standard Model gauge and matter sectors parameters, whereas 
the scalar sector requires the introduction of supersymmetry. Proton longevity 
and suppression of left-handed neutrino masses lends additional support to this 
picture. 

Thus, the basic properties that we would like our string vacuum to possess 
are the existence of three chiral generations and their embedding in SO (10) 
representations. A class of string models that yield these properties are the 
three generation free fermionic models. The structure of these models and related 
phenomenological studies have been amply discussed in the past and therefore 
in this paper only a brief discussion will be given. 



3 Dualities 

String theory exhibits various forms of dualities, i.e. relation between different 
theories at large and small radii of the compactified manifold and at strong and 
weak coupling. The first type is the T-duality [8] . Consider a point particle mo- 
ving on a compactified dimension X, which obeys the condition X ^ X -\-27rRm. 
Single valuedness of the wave function of the point particle f2 ^ Exp (iPX) im- 
plies that the momenta in the compact direction is quantized P = ^ with 
m E Z. Now consider a string moving in the compactified direction. In this case 
the string can wrap around the compactified dimension and produce stable win- 
ding modes. Hence the left and right-moving momenta in the case of the closed 
string are given by 

m nR 
Pl,r = — ± — r 
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and the mass of the string states is given by 



mass 






+ 






this is invariant under exchange of large and small radius together with the 
exchange of winding and momentum modes, i.e. 



1 ^ 

— ^ — with m ^ n 
R a' 



and is an exact symmetry in string perturbation theory. Furthermore, there exist 
the self-dual point. 



which is the symmetry point under T-duality. In the case of the supersymmetric 
string on a compactified coordinate the T-duality operation interchanges 



type IIA type IIB (1) 

Heterotic SO {32) Heterotic Eg x Eg (2) 



Now, all this is of course well known since the late 80’s. However, the following 
point is not well appreciated. It is also well known that for specific values of its 
radius, the compactified coordinate can be realized as specific rational conformal 
field theories propagating on the string world-sheet. In particular, there exist 
such a value for which a compactified coordinate can be represented in terms of 
two free Majorana-Weyl fermions. It so happens that, in some normalization, 
the self-dual point is at jR = 1/V2 whereas the free fermionic point is at = 1. 
Hence, the two points do not overlap and the free fermionic point does not 
coincide with the self-dual point [9]. However, this is merely an artifact of the 
fact that we have been talking here about bosonic string. In the case of the 
supersymmetric string the two points, in fact, do coincide. This is a remarkable 
observation for the following reason. While we do not yet know at what value 
the compactified coordinate are fixed, naively we would expect that they are 
stabilized around a symmetry point or at infinity. The self-dual point under T- 
duality is precisely such a symmetry point. Hence, near the self-dual point, which 
is the symmetry point under T— duality and around which we may expect that 
the compactified dimensions stabilize, we can represent the compact dimension 
as a pair of free Majorana-Weyl fermions propagating on the string world- 
sheet. Of course, the real picture may be much more complicated. But a a first 
approximation this is the naive expectation, based on the symmetry properties 
of string theory. 

T-duality is perturbative and exhibit itself in the exchange of the spectrum 
and the superpotentiaL Thus, it can be checked order by order in perturba- 
tion theory. In the past decade significant progress in understanding duality 
symmetries which are nonperturbative, i.e. that exchange weak with the strong 
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coupling, has been achieved. The starting point in this program was the Seiberg- 
Witten solution of TV = 2 supersymmetric pure SU(2) gauge theory [10]. In the 
supersymmetric theory the gauge coupling is extended to a complex parameter 
T — ^/27t + iA.'k j where 6 is the axial coupling and g is the field strength 
coupling. The strong- weak duality extends to a 6'L(2, Z) transformations of the 
parameter r. In the Seiberg- Witten solution the exact vacuum structure of the 
theory is parameterized in terms of a genus one Riemann surface. 

In string theory we have naively a similar situation. The gauge coupling is 
fixed by the VEV of the dilaton field. The dilaton field, combined with the space- 
time components of the antisymmetric tensor field forms a modular parameter. 
In M-theory [7] this complex field is identified with the moduli field of a new 
dimension and hence the *SL(2, Z) symmetry of this moduli field translates into 
a duality which exchanges strong and weak coupling [11, 12]. The different string 
limits are related under the strong-weak coupling exchange, and by T-duality 
after compact ification to a lower dimension. The question that we examine in 
the work reported here is how to utilize this novel understanding of string theory 
for phenomenological studies. 



4 Realistic String Models 

As discussed above the key properties that we would like our string vacuum to 
possess are the existence of three generations and their embedding in 50 (10) 
representations. The only effective string limit that preserves the 50(10) em- 
bedding is the heterotic limit, because this is the only limit that produces the 
chiral 16 representation of 50(10) in the perturbative spectrum. To build reali- 
stic models we compactify the ten dimensional heterotic string to the heterotic 
string in four dimensions. This is achieved by choosing a six dimensional mani- 
fold on which the string theory is compactified. Typically, the six dimensional 
internal manifolds can be represented as toroidal orbifolds. A O-dimensional tori 
is represented in terms of a O-dimensional Euclidean space, modded by a lat- 
tice translation. The orbifold is in turn obtained by moding the O-dimensional 
torus by an internal symmetry. Thus, for example, the circle is one dimensional 
Euclidean space modded by 2ttR identification under translation, and its Z 2 or- 
bifold, which is a line segment with two fixed points, is obtained by identifying 
points by reflection across the real axis. 

The Z 2 orbifold plays a crucial role in the discussion to follow. The three 
generation free fermionic models correspond to Z 2 x Z 2 orbifold of a six dimen- 
sional torus. The first Z 2 acts on the first four coordinates, whereas the second 
acts on the last four. The Z 2 x Z 2 orbifold models, through their realization in the 
free fermionic formulation, produce three generation models with 50(10) em- 
bedding. Furthermore, the structure of the Z 2 x Z 2 orbifold naturally correlates 
the existence of three generation in nature with the underlying geometry. This 
arises due to the fact that each the Z 2 x Z 2 orbifold has exactly three twisted 
sectors. Each of the light chiral generations then arises from a distinct twisted 
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sector. Hence, in these models the existence of three generations in nature is 
seen to arise due to the fact that we are dividing a six dimensional compactified 
manifold into factors of 2. In simplified terms, three generations is an artifact of 



One may further ask whether there is a reason that the Z 2 orbifold would be pre- 
ferred versus higher orbifolds. Previously we argued that the free fermionic point 
coincides with the self-dual point under T-duality, which is where we would nai- 
vely expect the compactified dimensions to stabilize. The special property of the 
Z 2 orbifold that sets it apart from higher orbifolds, is the fact that the Z^ orbi- 
fold is the only one that acts on the coordinates as real coordinates, rather than 
complex coordinates. Whether this property plays a role in the string vacuum 
selection is yet to be understood. 



5 Free Fermionic Model Building 

The three generation Z^ x Z 2 orbifold models were studied in the free fermionic 
formulation [14]. These models were reviewed in the past in these conference 
series [13], and I therefore give here only a brief summary. The models are 
constructed in terms of a set of boundary condition basis vectors that define 
the transformation properties of the 20 left-moving and 44 right-moving real 
fermions around the noncontractible loops of the one-loop vacuum to vacuum 
amplitude. 

The first five basis vectors of the realistic free fermionic models consist of the 
NAHE set [15]. The gauge group after the NAHE set is S'O(IO) x Eg x SO{6)^ 
with N = 1 space-time supersymmetry, and 48 spinorial 16 of *50(10), sixteen 
from each sector bi , 62 and bs . The three sectors bi , 62 and 63 are the three twisted 
sectors of the corresponding Z 2 x Z 2 orbifold compactification. The Z 2 x Z 2 
orbifold is special precisely because of the existence of three twisted sectors, 
with a permutation symmetry with respect to the horizontal *50(6)^ charges. 

The NAHE set is common to a large class of three generation free fermionic 
models. The construction proceeds by adding to the NAHE set three additional 
boundary condition basis vectors which break 50(10) to one of its subgroups: 
SU{5) X U{1) [16], 50(6) X 50(4) [17], SU{3) x SU{2) x U{lf [18, 19, 20, 21], 
or SU{3) X U{1) X 50(4) [22]. At the same time the number of generations is 
reduced to three, one from each of the sectors 61 , 62 and 63 . The various three 
generation models differ in their detailed phenomenological properties. However, 
many of their characteristics can be traced back to the underlying NAHE set 
structure. One such important property to note is the fact that as the generations 
are obtained from the three twisted sectors 5i, 62 and 63 , they automatically 
possess the Standard 50(10) embedding. Consequently the weak hypercharge, 
which arises as the usual combination U{1)y = 1/2^7(1)b-l + has the 

standard 50(10) embedding. 
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The massless spectrum of the realistic free fermionic models then generically 
contains three generations from the three twisted sectors 62 and 63 , which 
are charged under the horizontal symmetries. The Higgs spectrum consists of 
three pairs of electroweak doublets from the Neveu-Schwarz sector plus possibly 
additional one or two pairs from a combination of the two basis vectors which 
extend the NAHE set. Additionally the models contain a number of S'O(IO) 
singlets which are charged under the horizontal symmetries and a number of 
exotic states. 

Exotic states arise from the basis vectors which extend the NAHE set and 
break the 50(10) symmetry [23]. Consequently, they carry either fractional 
U{1)y or U{l)z' charge. Such states are generic in superstring models and im- 
pose severe constraints on their validity. In some cases the exotic fractionally 
charged states cannot decouple from the massless spectrum, and their presence 
invalidates otherwise viable models [24, 25]. In the NAHE based models the 
fractionally charged states always appear in vector-like representations. There- 
fore, in general mass terms are generated from renormalizable or nonrenorma- 
lizable terms in the superpotential. However, the mass terms which arise from 
non-renormalizable terms will in general be suppressed, in which case the frac- 
tionally charged states may have intermediate scale masses. The analysis of ref. 
[ 21 ] demonstrated the existence of free fermionic models with solely the MSSM 
spectrum in the low energy effective field theory of the Standard Model charged 
matter. In general, unlike the “standard” spectrum, the “exotic” spectrum is 
highly model dependent. 



6 Phenomenological Studies of Free Fermionic Models 

I summarize here some of the highlights of the phenomenological studies of the 
free fermionic models. This demonstrates that the free fermionic string models 
indeed provide the arena for exploring many the questions relevant for the phe- 
nomenology of the Standard Model and Unification. The lesson that should be 
extracted is that the underlying structure of these models, generated by the 
NAHE set, produces the right features for obtaining realistic phenomenology. It 
provides further evidence for the assertion that the true string vacuum is connec- 
ted to the Z 2 X Z 2 orbifold in the vicinity of the free fermionic point in the Narain 
moduli space. Many of the important issues relating to the phenomenology of 
the Standard Model and supersymmetric unification have been discussed in the 
past in several prototype free fermionic heterotic string models. These studies 
have been reviewed in the past and I refer to the original literature and addi- 
tional review references [26, 13]. These include among others: top quark mass 
prediction [20], several years prior to the actual observation by the CDF/DO 
collaborations [27]; generations mass hierarchy [28]; CKM mixing [29]; super- 
string see-saw mechanism [30]; Gauge coupling unification [31]; Proton stability 
[32]; supersymmetry breaking and squark degeneracy [ 33 , 34]. Additionally, it 
was demonstrated in ref. [ 21 ] that at low energies the model of ref. [18], which 
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may be viewed as a prototype example of a realistic free fermionic model, pro- 
duces in the observable sector solely the MSSM charged spectrum. Therefore, 
the model of ref. [18], supplemented with the flat F and D solutions of ref. [21], 
provides the first examples in the literature of a string model with solely the 
MSSM charged spectrum below the string scale. Thus, for the first time it provi- 
des an example of a long-sought Minimal Superstring Standard Model! We have 
therefore identified a neighborhood in string moduli space which is potentially 
relevant for low energy phenomenology. While we can suggest arguments, based 
on target-space duality considerations why this neighborhood may be selected, 
we cannot credibly argue that similar results cannot be obtained in other regions 
of the string moduli space. Nevertheless, the results summarized here provide the 
justification for further explorations of the free fermionic models. Furthermore, 
they provide motivation to study these models in the nonperturbative context 
of M-theory. In this context the basis for our studies is the connection of the 
free fermionic models with the Z 2 x orbifold, to which I turn in section 7. 

I would like to emphasize that it is not suggested that any of the realistic free 
fermionic models is the true vacuum of our world. Indeed such a claim would be 
folly. Each of the phenomenological free fermionic models has its shortcomings, 
that if time and space would have allowed could have been detailed. While in 
principle the phenomenology of each of these models may be improved by further 
detailed analysis of supersymmetric flat directions, it is not necessarily the most 
interesting avenue for exploration. The aim of the studies outlined above is to 
demonstrate that all of the major issues, pertaining to the phenomenology of the 
Standard Model and unification, can in principle be addressed in the framework 
of the free fermionic models, rather than to find the explicit solution that accom- 
modates all of these requirements simultaneously. The reason being that even 
within this space of solutions there is till a vast number of possibilities, and we 
lack the guide to select the most promising one. What is being proposed is that 
these phenomenological studies suggest that the true string vacuum may share 
some of the gross structure of the free fermionic models. Namely, it will possess 
the structure of the Z^ x Z 2 orbifold in the vicinity of the free fermionic point 
in the Narain moduli space. This perspective provides the motivation for the 
continued interest in the detailed study of this gross structure, and specifically 
in the framework of M-theory, as discussed below. 

The free fermionic models also serve as a laboratory to study possible sig- 
natures beyond the Standard Model. Perhaps most fascinating among those is 
the existence of exotic matter states [35, 23] that can lead to to experimental 
signatures in the form of energetic neutrinos from the sun [36], or in the form 
of candidates for dark matter and top-down UHECR scenarios [37]. The later 
is particularly exciting due to the forthcoming Pierre Auger and EUSO experi- 
ments that will provide more statistics on UHECR. 
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7 Correspondence With X Orbifold 

The key property of the free fermionic models that is sought in the attempts 
to investigate these models in the nonperturbative framework of M-theory is 
their relation to the Z 2 x orbifold. In the fermionic language the models are 
defined in terms of the boundary condition basis vectors. Extending the NAHE 
set with the additional basis vector ^ 2 , we can regenerate the model defined by 
this set by using instead the set {1, S', ^ 1 , ^ 2 , ^ 1 ? ^ 2 }- Here the vacuum produced 
by the four basis vectors {1,S, ^ 1 ,^ 2 } is an N = 4 supersymmetric toroidal 
compactification with SO( 12 ) x Es x Eg right-moving gauge group. Adding the 
two basis vectors bi and &2 correspond to the Z 2 x Z 2 action and produces 
a vacuum with SO(4)^ x Eg x /7(1)^ x Eg and 27 generations plus 3 anti- 
generations of the 27 representation of Eq. The same model is obtained in the 
bosonic language by specifying the VEVs of the background fields that produce 
the enhanced SO( 12 ) lattice and moding by the Z 2 x Z 2 orbifold projections 
[38]. The resulting manifold has /i 2 ,i) = (27, 3) and is referred to as X 2 . 

The Z 2 X Z 2 orbifold at the free fermionic point in the Narain moduli space 
hence produces a vacuum with a net number of 24 generations. However, the 
Z 2 X Z 2 orbifold at a generic point in the moduli space produces a model with 
(^ 1 , 15 ^ 2 , 1 ) = or a net number of 48 generations. I denote this manifold 

as Xi. Hence, there is a discrepancy by a factor of 2 between the two models. 
This discrepancy is in fact crucial both from the point of view of pursuing the 
M-embedding of these models as well as trying to understand the origin of the 
three generations. Below we expand on these aspects. 

For our purpose here it is important to observe that the two manifolds, Xi 
and X 2 , may be connected by adding a freely acting twist or shift. Let us first 
start with the compactified T2 x T| X T 2 torus parameterized by three complex 
coordinates zi, Z 2 and zg^ with the identification 

Zi = Zi-\-l, Zi = Zi-\-Ti, (3) 

where r is the complex parameter of each T 2 torus. With the Z 2 identification 
Zi —Zi, a single torus has four fixed points at Zi = {0, | r, |(1 + r)}.With 

the two Z 2 twists 

a : (2:1, 2:2, Z3) ^ (-^1, -^2, zg ) , 

(3 : (zi,Z2,zg) ^ { Zi,-Z2,-zg), (4) 

there are three twisted sectors in this model, o;, /3 and a(3 = a- j3^ each producing 
16 fixed tori, for a total of 48. Adding to the model generated by the Z 2 x Z 2 
twist in (4), the additional freely acting shift 



7 • (^1? ^2, Zg) ^ (2:1 + Z2 + |, 2^3 + |) (5) 

produces again fixed tori from the three twisted sectors a, j3 and af3. Under the 
action of the 7 -shift, the fixed tori from each twisted sector are paired. Therefore, 
7 reduces the total number of fixed tori from the twisted sectors by a factor of 
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2, yielding (/in, / 121 ) = (27,3). This model therefore reproduces the data of the 
Z2 X Z2 orbifold at the free- fermion point in the Narain moduli space. The precise 
form of the shift that reproduces the Z 2 x Z^ orbifold at the free fermionic model 
is given in [39], and differ slightly from (5). However, these two models are in 
the same moduli space, and hence are connected by continuous extrapolations. 
Eq. (5) suffices for our discussion here. 

Despite its innocuous appearance the connection between X\ and X 2 by 
a freely acting shift has an important consequence. From the Standard Model 
data we may hypothesize that any realistic string vacuum should possess at least 
two ingredients. First, it should contain three chiral generations, and second, it 
should admit their SO(IO) embedding. This SO(IO) embedding is not realized 
in the low energy effective field theory limit of the string models, but is bro- 
ken directly at the string level. The main phenomenological implication of this 
embedding is that the weak- hyper charge has the canonical GUT embedding. 

It has been argued that the Z 2 x Z 2 orbifold naturally gives rise to three 
chiral generations. The reason being that it divides the six dimensional compac- 
tified manifold into three cyclicly symmetric spaces. It contains three twisted 
sectors and each of these sectors produces one chiral generation. The existence 
of exactly three twisted sectors arises, essentially, because we are modding out a 
three dimensional complex manifold, or a six dimensional real manifold, by Z 2 
projections, which preserve the holomorphic three form. Thus, metaphorically 
speaking, the reason being that six divided by two equals three. 

However, this argument holds for any Z 2 x Z 2 orbifold of a six dimensional 
compactified space, and in particular it holds for the X\ manifold. Therefore, we 
can envision that this manifold can produce, in principle, models with SO (10) 
gauge symmetry, and three chiral generations from the three twisted sectors. 
However, the caveat is that this manifold is simply connected and hence the 
SO (10) symmetry cannot be broken by the Hosotani- Wilson symmetry breaking 
mechanism [40]. The consequence of adding the freely acting shift (5) is that 
the new manifold X 2 , while still admitting three twisted sectors is not simply 
connected and hence allows the breaking of the SO (10) symmetry to one of its 
subgroups. 

The freely acting shift has the crucial function of connecting between the 
simply connected covering manifold to the non-simply connected manifold. Pre- 
cisely such a construction has been utilized in [41] to construct non-perturbative 
vacua of heterotic M-theory. In the next section I discuss these phenomenological 
aspects of M-theory. 



8 M— Embeddings 

The profound new understanding of string theory that emerged over the past 
few years means that we can use any of the perturbative string limits, as well 
as eleven dimensional supergravity to probe the properties of the fundamental 
M-theory vacuum. The pivotal property that this vacuum should preserve is 
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the iSO(lO) embedding of the Standard Model spectrum. This inference follows 
from the fact that also in the strong coupling limit heterotic M-theory produces 
discrete matter and gauge representations. Additionally, the underlying compac- 
tification should allow for the breaking of the S'0( 10) gauge symmetry. In string 
theory the prevalent method to break the 6^0 (10) gauge group is by utilizing 
Wilson line symmetry breaking. Compactification of M-theory on manifolds with 
SU (5) GUT gauge group that can broken to the Standard Model gauge group 
were discussed in [41]. In [42] the analysis was extended to *SO(10) GUT gauge 
group that can be broken to SU{5) x U{1). This work was reviewed in [13] and 
here I discuss relevant points for further explorations of the phenomenological 
free fermionic models. 

The key to the construction of ref. [41] is the utilization of elliptically fibered 
Calabi-Yau threefolds. These manifolds are represented as a two dimensional 
complex base manifold and a one dimensional complex fiber with a section. 
On these manifolds the equation for the fiber is given in the Weierstrass form 
+ f{zi,Z2)x + g{zi,Z2) = (x - ei)(x - e2)(x - 63). Here / and g are 
polynomials of degrees 8 and 12, respectively and are functions of the base 
coordinates; ci, 62 and 63 are the three roots of the cubic equation. Whenever 
two of the roots coincide the fiber degenerates into a sphere. Thus, there is a 
locus of singular fibers on the base manifold. These singularities are resolved by 
splitting the fiber into two spherical classes F and F — N. One being the original 
fiber minus the singular locus, and the second being the resolving sphere. 

A nonperturbative vacuum state of the heterotic M-GUT-theory on the 
observable sector is specified by a set of M-theory 5— branes wrapping a holo- 
morphic 2-cycle on the 3-fold. The 5-branes are described by a 4-form coho- 
mology class [W] satisfying the anomaly-cancellation condition. This class is 
Poincare-dual to an effective cohomology class in H 2 {X, Z) that can be written 
as [W] = C2{TX) — C2(Vi) — 02(1^2) = cF^{w) -h c{F — N) dY, where C2{TX), 
C2(Ui) and 02(^2) are the second Chern classes of the tangent bundle and the 
two gauge bundles on the fixed planes; c, d are positive definite integers, is a 
class in and a^{uj) is its pushforward to X under a. 

The key to the M-theory embedding of the free fermionic models is their 
correspondence with the Z 2 x Z 2 orbifold. The starting point toward this end 
is the Xi embedding manifold with (/in,/i2i) = (51,3). The manifold is then 
rendered non-simply connected by the freely acting involution and the metho- 
dology of ref. [41, 42] can be adopted to construct viable M-theory vacua. 
The difference however is that now the fiber is more singular than the ones 
previously considered. The fiber of Xi in Weierstrass form is given by — 
+ /s('w^, w)xz^ -h gi 2 {F), w)z^, where /s = ry — 3/i^, and gi 2 = h{g — 2h?),h = 
^ riij=i('^ u)j)sind Tj = — Wi)^{w — rDj)^. Taking w ^ wi 

(or w Wi) we have a ^4 singular fiber. These D 4 ^ singularities intersect in 16 
points, (wi.Wj), i,j = 1, . . .4, in the base. The resolution of the singular fiber 
in this case is more involved than the simpler ones previously considered. It 
is expected that the richer structure of fiber classes will yield a richer class of 
M-theory vacua with the possibility of new features appearing. 
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Figure (1) illustrates qualitatively the approach to the phenomenological ap- 
plication of M-theory advocated in this paper. In this view the different per- 
turbative M-theory limits are used to probe the properties of a specific class of 
compactifications. In this respect one may regard the free fermionic models as 
illustrative examples. Namely, in the heterotic limit this formulation highlighted 
the particular class of models that are connected to the x orbifold. In order 
to utilize the M-theory advances to phenomenological purposes, our task then 
is to now explore the compactification of the other perturbative string limits 
on the same class of spaces, with the aim of gaining further insight into their 
properties. In this spirit compactifications of type I string theory on the Z 2 x Z^ 
orbifold that are connected to the free fermionic models have been explored [43]. 



9 On the Origin of the Three Generations 

The free fermionic models correspond to Z 2 x Z 2 orbifold at an enhanced sym- 
metry point in the Narain moduli space. As argued above the Z 2 x Z 2 orbifold, 
via its free fermion realization, naturally produces three generation models ari- 
sing from the three twisted sectors. However, the geometrical correspondence 
of the free fermionic models is so far understood for the extended NAHE set 
models, i.e. for the case of the X 2 manifold with 24 generations. Hence, in order 
to promote the geometrical understanding of the origin of the three generati- 
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ons in the free fermionic models, it is important to understand the geometrical 
interpretation of the boundary condition basis vectors beyond the NAHE set. 

Let us review for this purpose the vacuum structure in the twisted sec- 
tors 6 i, 62 and 63. In the light-cone gauge the world-sheet free fermion field 
content includes: in the left-moving sector the two space-time fermions ' 0^2 
and the six real triples {Xi^Vi^^i} ‘ in the right-moving sector 

the six real doubles {yi^uoi} (i = 1 , • • • , 6 ) and the sixteen complex fermions 
" For our purpose the important set is the set of inter- 



nal real fermions ‘ 

defining 



L We can bosonize the fermions in this set by 
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71 



[Vi + ii^i) 



J.Xi 






We recall that the vacuum of the sectors hi is made of 12 periodic complex 
fermions, /, each producing a doubly degenerate vacua |+), |— ) , annihilated by 
the zero modes /o and /o* and with fermion numbers F{f) = 0,-1, respectively. 
The total number of states in each of these sector is therefore 



212 




After applying the GSO projections the degeneracy at the level of the extended 
NAHE model distributes as follows: 








( 6 ) 



where 4 == {y^y'^,y^y^,y'^y'^,y^y^}, 2 = 5 = ■’®} and 1 = {ryl}. 

The combinatorial factor counts the number of |— ) in a given state. The two 
terms in the curly brackets correspond to the two components of a Weyl spinor. 
The 10 -h 1 in the 27 of Eq are obtained from the sector bj +^i. The states which 
count the multiplicities of Eq are the internal fermionic states {i/^’ ' A 

similar result is obtained for the sectors 62 and 63 with and 

" respectively, which suggests that these twelve states correspond 

to a six dimensional compactified orbifold with Euler characteristic equal to 48. 

The construction of the free fermionic models beyond the NAHE-set entails 
the construction of additional boundary condition basis vectors and the associa- 
ted one-loop GSO phases. Their function is to reduce the number of generations 
and at the same time break the four dimensional gauge group. In terms of the 
former the reduction is primarily by the action on the set of internal world-sheet 
fermions {y, co\y^uj}. As elaborated in the next section this set corresponds to the 
internal compactified manifold and the action of the additional boundary condi- 
tion basis vectors on this set also breaks the gauge symmetries from the internal 
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lattice enhancement. The later is obtained by the action on the gauge degrees of 
freedom which correspond to the world-sheet fermions " 

In the bosonic formulation this would correspond to Wilson-line breaking of the 
gauge symmetries, hence for the purpose of the reduction of the number of ge- 
nerations we can focus on the assignment to the internal world-sheet fermions 
{y,u>\y,u!}. 

We can therefore examine basis vectors that do not break the gauge symme- 
tries further, i.e. basis vectors of the form with 

for some selection of (yyUj\y,0) = 1 assignments such that the additional vectors 
bj produce massless SO (10) spinorials. We will refer to such vectors as spinorial 
vectors. The additional basis vectors bj can then produce chiral, or non-chiral, 
spectrum. The condition that the spectrum from a given such sector bj be chiral 
is that there exist another spinorial vector, 6 ^, in the additive group S, such that 
the overlap between the periodic fermions of the internal set (y, u;\y,Cd) is empty, 
i.e. 



{bj{y,uj\y,u;)} n {bi{y,uj\y,Lo)} = 0 . (7) 

If there exists such a vector bi in the additive group then it will induce a GSO 
projection that will select the chiral states from the sector bj. Interchangeably, 
if such a vector does not exist, the states from the sector bj will be non-chiral, 
i.e. there will be an equal number of 16 and 16 or 27 and 27. For example, we 
note that for the NAHE-set basis vectors the condition (7) is satisfied. Below 
I discuss the orbifold correspondence of this condition. The reduction to three 
generations in a specific model is illustrated in table 8 . 
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In the realistic free fermionic models the vector X is replaced by the vector 27 
in which " , fj^ , fj^ , ^ 0^’ “ ’^} are periodic. This reflects the fact that these 

models have ( 2 , 0 ) rather than ( 2 , 2 ) world-sheet supersymmetry. At the level of 
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the NAHE set we have 48 generations. One half of the generations is projected 
because of the vector 27. Each of the three vectors in table 8 acts nontrivially 
on the degenerate vacuum of the fermionic states {y^uj\y^(jd} that are periodic 
in the sectors h \ , 62 and 63 and reduces the combinatorial factor of Eq. (6) by a 
half. Thus, we obtain one generation from each sector 61, 62 and 63. 

The geometrical interpretation of the basis vectors beyond the NAHE set 
is facilitated by taking combinations of the basis vectors in 8, which entails 
choosing another set to generate the same vacuum. The combinations a -\- 
a + 7, a (3 ^ produce the following boundary conditions under the set of 

internal real fermions 
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It is noted that the two combinations a -\-(3 and /5+7 are fully symmetric bet- 
ween the left and right movers, whereas the third, o^-h/^ + y, is fully asymmetric. 
The action of the first two combinations on the compactified bosonic coordina- 
tes translates therefore to symmetric shifts. Thus, we see that reduction of the 
number of generations is obtained by further action of fully symmetric shifts. 

Due to the presence of the third combination the situation, however, is more 
complicated. The third combination in 9 is fully asymmetric between the left and 
right movers and therefore does not have an obvious geometrical interpretation. 
In fact, a complete classification of all the possible Z2 x Z2 orbifold models with 
symmetric shifts on complex tori, reveals that three generations are not obtained 
[44] . Three generations are obtained in the free fermionic models by the inclusion 
of the asymmetric shift. This observation has profound implications on the type 
of geometries that are related to the realistic string vacua, as well as on the issue 
of moduli stabilization. 

The same conclusion can also be obtained by using purely bosonic language. 
Starting with three complex tori parameterized by three complex coordinates, 
the torus identification is given by (3). The symmetric shift action is 

1 , T 

= ^2 + - and Zi = Zi + - 

and a given action may act on any number of the three tori. The additional 
shifts may have the following actions; 



freely acting 


— ^ 0(^11 — ^21 = 0) 


(10) 


chiral preserving 


— ^ 0(^11 — ^21) 


(11) 


non freely acting 


— > 0(^11 ^ h 2 i) 


(12) 
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In the first case one of the tori is always shifted and hence there are no 
fixed points and the action is free. In the second case we have tori above fixed 
points and all the other geometrical identifications preserve the fixed tori. Since 
hii{T 2 ) — h 2 i{T 2 ) = 1 we have that this case preserve the chirality. In the 
third case we have a situation that for a fixed torus we impose the identification 
Zk —Zk^ In this case the torus above the fixed point degenerates to Pi, for 
which /ill (Pi) = 1, h 2 i{Pi) = 0 and therefore this case adds to the net chirality. 
Together with Ron Donagi [45] we have classified all the possible shifts on the 
three complex tori, and obtained the same result. Three generations are not 
possible for Z 2 x Z 2 orbifolds of three complex tori, with purely symmetric 
shifts. 



10 Neutrino Mass Textures 

The neutrino sector of the Standard Model provides another piece to the flavor 
enigma. Evidence for neutrino oscillations steadily accumulated over the past few 
years, resulting in compelling evidence for neutrino masses. This in turn points 
to the augmentation of the Standard Model by the right-handed neutrinos, 
and provides further evidence for the elegant embedding of the Standard Model 
matter states, generation by generation, in the 16 spinorial representation of 
50(10). However, in this respect the new neutrino data raises further puzzles. 
The observation of a zenith angle dependence of from cosmic ray showers at 
super-Kamiokande [2] provides strong evidence for oscillations in atmospheric 
neutrinos with maximal oscillations, whereas the observations at the 

solar Sudbury Neutrino Observatory (SNO) [3] and at the reactor KamLAND 
experiment [4] favor the large mixing angle MSW solution of the solar neutrino 
problem [46]. The recent data from the Wilkinson Microwave Anisotropy Probe 
(WMAP) on cosmic microwave background anisotropies [6], combined with the 2 
degree Field Galaxy Redshift Survey, CBI and ACBAR [47], restricts the amount 
of critical density attributed to relativistic neutrinos, and imposes that the sum 
of the masses is smaller than 0.75eV. 

While the Standard Model data strongly supports the incorporation of the 
Standard Model gauge and matter spectrum in representations of larger gauge 
groups, the flavor sector of the Standard Model provides further challenges. 
In the heavy generation the consistency of the bottom— quark-tau lepton mass 
ratio with the experimental data arises due to the running of the strong gauge 
coupling. The remaining flavor data, however, must have its origin in a theory 
that incorporates gravity into the picture. Most developed in this context are 
the string theories that provide a viable perturbative framework for quantum 
gravity. However, a new twist of the puzzle arises due to the fact that while in 
the quark sector we observe an hierarchical mass pattern with suppressed mixing 
angles, the observations in the neutrino sector are compatible with large mixing 
angles that implies approximate mass degeneracy. 
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An elegant mechanism in the context of 5'0( 10) unification to explain the 
large mixing in the neutrino sector was proposed in ref. [48]. However, this me- 
chanism utilizes the 126 of S'O(IO), that does not arise in perturbative string 
theories [49]. On the other hand, string constructions offer a solution to the pro- 
ton longevity problem. A doublet-triplet splitting mechanism is induced when 
the 50(10) symmetry is broken to SO (6) x 50(4) by Wilson-lines [32]. In the 
stringy doublet-triplet splitting mechanism the color triplets are projected from 
the massless spectrum and the doublets remain light. Additional symmetries 
that arise in the string models may also explain the suppression of proton decay 
from dimension four and gravity mediated operators. String constructions also 
explain the existence of three generations in terms of the geometry of the com- 
pactified manifold. It is therefore important to seek other explanations for the 
origin of the discrepancy in the quark and lepton mass sectors. An alternative 
possibility to the utilization of the 126 in the seesaw mechanism is to use the 
nonrenormalizable term 16161616. In this case the B — L symmetry is broken 
along a supersymmetric fiat direction by the VEVs of the neutral components 
of (16if) = (16//), where 16// and 16// are two Higgs multiplets, distinct from 
the three Standard Model generations. This term then induces the heavy Ma- 
jorana mass term for the right-handed neutrino. The contemporary studies of 
neutrino masses in this context are based on this term. We will refer to this as 
the “one-step seesaw mechanism” [50]. Similarly, explorations in the context of 
type I string inspired models also use the “one— step seesaw mechanism” [51]. In 
this talk we propose that the neutrino data points to the role of 50(10) singlet 
fields in the see-saw mass matrix. 

The two-step seesaw mechanism utilizes the 50(10) singlets fields that are 
abundant in string models. An inspired version of this mechanism then takes the 
form 

/ 0 Md 0 \ 

\Md 0 M^\ (13) 

\ 0 M^J 

The left-handed Majorana mass matrix is given by 

= MdM-^M^M-^MI . (14) 

The flavor structure of arises from rrif^ and can therefore account for the 
left-handed neutrino large while not disturbing the small mixing in the quark 
sector. This mechanism however requires the (f)i 50(10) singlet fields to exist at 
intermediate energies that presents a problem. 



11 Conclusions and Outlook 

I discussed in this paper the enterprise of string phenomenology in light of LEP, 
KAMLAND and WMAP. These three experiments represent the reward of deca- 
des of dedicated experimental efforts by numerous people, who contribute anony- 
mously to the accumulated scientific knowledge. Their efforts should be saluted 
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and are humbly and gratefully acknowledged. Their results enable the theoretical 
pursuit of the proposition of unification, string theory, M-phenomenology, and 
the like. The particle experiments suggest two key ingredients that a realistic 
vacuum should possess. The existence of three generations together with their 
grand unification embedding, most appealing in 16 spinorial representations of 
5'O(10). The free fermionic models admit these to pivotal components. It is of 
course not suggested that lany of the contemporary three generation models is 
the right one. That indeed' wouldifee folly. Furthermore, it may also well be that 
at the end of the day the free fermionic construction will not suffice to describe 
the full details of the true<vacuuamrNevertheless, it may still be the case that the 
fermionic models are able to extract some key properties of the true vacuum. 
It is then our task to try to isdiate what those key properties may be. It is 
proposed that the realistic freeTermionic models suggest two such pivotal pro- 
perties. The first is the relation of the free fermionic point to the self-dual point 
under T-duality. The second is the fact that the Z 2 orbifold twistings that are 
utilized in the free fermionic models act on the coordinates as real coordinates. 
This is furthermore compatible with the necessity of introducing an asymmetric 
shift in the reduction to three generations. Such a reduction may imply that 
the complex structure of the Calabi-Yau threefold is necessarily broken. Hence 
providing phenomenological guideline to the class of geometries that should be 
sought to construct realistic string vacua. Furthermore, the asymmetric orbifold 
projection implies that some of the moduli must be fixed. Incorporation of these 
observations in the utilization of string dualities to study these vacua, may pro- 
vide further insight into their properties. WMAP data paves the way for a new 
decade of exciting experimental data that may yet challenge our perception of 
physical reality. In the least it provides a more accurate account of the energy 
composition of the universe, that the true string vacuum should accommodate. 
The forthcoming years will provide further data with the UHECR experiments 
exploring the viability of top-down models. The first priority of these experi- 
ments is clearly to establish or refute the breaching of the GZK cutoff, but the 
possibility that they may provide signals for new physics were entertained in ref. 
[52]. Finally, the LHC will explore the electroweak symmetry breaking sector, 
and the TLC (The Linear Collider) will vitally be needed to provide precision 
measurements. 
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CP-Violating Electron-Nucleon Interactions 
and CP-Violation Beyond the Standard Model 



Peter Herczeg 
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Abstract. We review and discuss CPT invariant, CP- and P- violating electron-quark 
interactions in extensions of the Standard Model. 



1 Introduction 

CP-violation [1] has been seen in the mixing of the neutral kaons, and recently 
also in the 2tt amplitudes [2], and in the decays of the neutral B-mesons 

[3] . At present there is no firm evidence against the possiblity, that the observed 
effects are due to the Kobayashi-Maskawa phase 8km in the Standard Model 
(SM) [4].^ A major question in the field of CP-violation is whether there are 
sources of CP-violation other than 5km ^ independently of their relevance, or lack 
of it, for the observed CP-violation. New sources of CP-violation are present in 
many extensions of the SM. It is relevant to mention in this connection that 8km 
is not sufficient to generate the baryon asymmetry of the universe [6] . The most 
suitable observables to probe the existence of new CP-violating interactions are 
those for which the contribution from 8km is small. 

In this talk we shall review and discuss CPT invariant electron-quark inter- 
actions that violate both CP and P (referred to for brevity as CPV e — q inter- 
actions in the following) [7] . Stringent limits on the strength of such interactions 
come from searches for electric dipole moments (EDMs) of atoms, and the parity 
and time-reversal violating nuclear spin-flip parameter u in molecules. The CPV 
e — q interactions contribute to these observables through CPV electron-nucleon 
(e — N) interactions, which they induce. The CPV e — N interactions given rise by 
8km are very weak, with strength of ~ 10 “ {Gp = Fermi constant), since 
they appear only in second order in the weak interaction [8]. For comparison, 
current experiments probe CPV e — N interactions at the level of ~ 10“^ Gp (see 
Section 2). The contribution of the ^-term is also small, of strength < 10“^^ Gp 
[8]. The CPV e — N interactions can be much stronger, however, in some exten- 
sions of the SM. CPV e — q interactions have been studied in multi-Higgs models 
[8], [9], [10], leptoquark models [10], [8], [11], [12], in the R-parity conserving 
[13], [14], and the R-parity violating Minimal Supersymmetric Standard Model 
[15]. CPV e — q interactions for the s-quark have been analyzed in Ref. [16]. 



^ It should be noted, however, that a disagreement exists at present between experi- 
mental results on CP-violation in jB — > 4>K decays and the SM predictions [5]. 
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In the next section we describe the experimental bounds on the coupling 
constants of CPV e — q interactions. In Section 3 we review the CPV e — q 
interactions in extensions of the SM, and the limits on the parameters of the 
models. Section 4 contains our conclusions. 



2 General Considerations and Experimental Bounds 



The most general CPV e — q interaction, including non-derivative couplings only, 
has the form [7]^ 



H, 



- E 

q=u,d,s, 



Gf 

V2 



(ksqei-y^eqq + kpgeeqi-ysq + krqei'y^a^xeqcy^^q) , ( 1 ) 



where ksq^ kpq, and kpq are real constants^. Note that P-violation in the inter- 
action (1) is an implication of CP- violation: non- derivative flavor-conserving e-q 
interactions that violate CP but conserve P are forbidden by the requirement 
of hermiticity. The non- derivative interaction (1) can represent all the CPV e-q 
interactions that arise at the tree level, and some which are induced at the loop 
level. ^ Derivative CPV e — q interactions, which can arise only at the loop level, 
are not expected to give the dominant contributions to atomic and molecular 
observables from the same couplings. 

Stringent bounds on the interaction (1) are set by the experimental limits 



|d(T/)| < 9.4 X 10“^^ecm 
\d{Cs)\ < 1.5 X 10“^^ecm 
\d{Hg)\ < 2.1 X 10“^^ecm 



{90%c.l.) , 


(2) 


(90%c./.) , 


(3) 


(95%c./.) , 


(4) 



^ Our metric, 7 -matrices, and are the same as in Ref. [17]. The relation between 
the constants ksq, kpq, and kpq in Eq. (1), and the constants k±q, feq, and ksq, 
defined in Ref. [7] is ksq = —kiq, kpq = —ksq, kpq = — feq. 

^ The absence of non-derivative electron-quark interactions involving vector and axial- 
vector currents is due to the requirement of hermiticity, which eliminates the ima- 
ginary parts of complex phases in such couplings. 

^ The interaction (1) can represent also CPV e — q interactions arising from the 

exchange of constituents in composite models. If the compositeness scale Ac is much 

_ 1 

larger the electroweak scale (~ 300 GeV), as expected, such e-q interactions 

can be taken to be invariant under the SM gauge group for energies below Ac [18]. 
The number of independent coupling constants in the interaction (1) is reduced then 
from 6 to 3 for a quark family. An analysis of such CPV e-q interactions will be given 
in Ref. [19]. 
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\d{Xe)\ < 6.1 X 10 ^^ecm (90%c.Z.) , (5) 

W{TIF)\ < 4 X IQ-^Hz (90%c.L) , (6) 

on the EDM of the [20], [21], [22], and [23], atoms, 

and on the P, T- violating spin- flip parameter u{TlF) of the TIF molecule [24]. 

The interaction (1) contributes to the EDMs and u through CPV electron- 
nucleon (e-N) interactions, which they induce. The most general non-derivative 
CPV e-N interaction has the same structure and symmetry properties as the e-q 
interaction (1) [7]: 

HeN = 

a=p,7 

where ksa, kpa, and kpa are real constants.^ 

Atomic physics calculations yielded the following results for the contribution 
of the interaction (7) to the above observables [7]: 

d{Tl) ~ 6.9 X 10“^^ [(0.4/u5p -h 0.6/c5n) — W~^kTp] ecm , (8) 

d{Cs) ~ —7.1 X 10“^^ [(0.4A:5p -t- 0.6ksn) + 1*3 x 10“^A;tp] ecm , (9) 



Gp 

{ksaeij^eaa + kpaceai'y^a + kTaei'y^afj^xeaa^^^a) , (7) 



d{Hg) ~ -2.0 X 10“2° [km + 3 x 10~^kpn + 3 x 10“^(0.4fcsp + 0.60A:5„)] ecm, 

( 10 ) 



d{Xe) ~ -4.1 X 10-2^[(0.24fcTp + 0.76fcr„) (11) 

+2.4 X 10“®(0.24fcpp + O.lQkpn) + lQ~^{0Aksp + 0.6fcs„)]ecm , 



p{TlF) ~ -900[(0.75A:tp + 0.25A;t„) + 1.5 x 10"^(0.75A;pp + 0.25fcp„) (12) 
+2.6 X lQ-^{QAksp + 0.6fcs„)]i?.2 . 

The relative suppression of the tensor contribution in d{Tl) and d{Cs) is due to 
the enhancement of the scalar contribution by factors oi Z {= atomic number) 
and N (= number of neutrons). In d{Tl) the tensor contribution is anomalously 
small (an order of magnitude smaller than in d{Cs)^ due to cancellations [7]). 
The pseudoscalar contribution is suppressed relative to the tensor contribution 
by about three orders of magnitude (and is therefore neglected in d{Tl) and 
d{Cs))^ since it arises as a correction to the nonrelativistic approximation for 
the nucleons. The contribution of the scalar interaction appears in all cases 

The constants ksa^ kpa and kpa in Eq. (7) and the constants kia, fea, and ksa, 
defined in Ref. [7] are related as ksa = -kia, kpa = -fea, and kpa = -fea (a = 
p, n). 



5 
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through the same combination of ksp and ksn- This is due to the approximate 
equality of the ratio Z/N for the nuclei involved. In which are 

diamagnetic atoms, and also in T/F, the contribution of the scalar interaction is 
suppressed by about two orders of magnitude relative to the tensor contribution, 
since it can contribute only through the intervention of the hyperfine interaction 

[7]. 

The constants of the interaction (7) are related to the e-q constants in (1) as 



ksa = + fi^^ksd + f:^kss + • • • 


(13) 


kpa = g^a'^kpu + g^f^kpd + gi^^kps + ... 


(14) 


kpa = h^'AkTu + h^a^kpd + h^a^kps + . . . 


, (15) 


where the quantities = fa^\o), and 

by 


= (0) are defined 


{a{p')\qq\a{p)) = fi'^\q'^)uaUa , 


(16) 


{a{p')\qij 5 q\a{p)) = g^^\q^)uai^5Ua , 


(17) 


{a{p')\q<7^xq\a{p)) = h^^\q^)ua(J f,xUa 


(18) 


(a = p,n; q=u,d,s,. . . ). In the following we shall keep in Eqs. (13)-(15) only 
the contributions from the u-, d-, and s-quarks; for comparable couplings the 
contributions from the heavy quarks are expected to be relatively small. 

An estimate of the quantities f^\ fp^\ and fp^^ can be obtained from the 
(j-term (deduced from pion-nucleon scattering data) and, assuming octet type 
SU{3) breaking, from baryon mass splittings [25]. These yield, assuming charge 
symmetry for and fa^\ and isospin invariance for fa^\ 


4 “^ = 4‘"^-3.5 , 


(19) 


~ 2.8 , 


(20) 




(21) 



The basis for estimates of the pseudoscalar matrix elements is the relation® 



See Ref. [26]. 



(q) ^ ^ 

“ rua 



[{Aq')a + ^{Ag)a 



( 22 ) 



6 
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{a — — u, d, s) that follows from the divergence of the axial- vector current 

qifilbQ- In Eq. (22) is the nucleon mass, Aq' is the form factor at zero 
momentum transfer in the nucleon matrix element of the axial- vector current, 

{a\q-yx-y5q\a) = {Aq')aUa'jx^5Ua , (23) 

and {Ag)a is defined by 

{clITtG jj,iy\ci) = 2,M(i(^Ag^a'^a'^^5'^a •) (^ 4 ) 

where G^jy is the gluon field intensity, and G^^ = ^^^uXpG^^. 

For {as/27r){Ag)a we shall use the results obtained in Ref. [27]. In this re- 
ference {as/2n){Ag)a and + gi^^ were estimated using pseudoscalar 

meson pole dominance. The results depend on the //-nucleon and r/'-nucleon cou- 
pling constants grjNN and grj'NN- Since grjNN is not well known [28], and grj'NN 
is unknown [29], the author considers two cases: (a) setting grjNN = 6.8, as found 
in an analysis of the nucleon- nucleon potential, and (b) assuming Qtj'nn = QtjNN- 

In both cases (Ag)a and gi^^ -|- gi^^ -f gi^^ are evaluated as functions of grj'NN- 
For the quantities {Aq')p we take {Au')p = 0.82±0.03, {Ad')p = -0.44zb0.03, 
[As')p = —0.11 zb 0.03 [30], deduced from data on polarized nucleon structure 
functions^. To obtain {Au')^, (Ad')n, and {As')n we shall use charge symmetry 
and isospin invariance, respectively. The validity of isospin invariance for these 
quantities is consistent with the results of Ref. [27]. The experimental value 
Au' -b Ad' + As' 0.27 selects from the results of Ref. [27] g^'NN — 1 in 
case (a), and g^'NN — 1-5 in case (b)^. These imply {as/2Tr){Ag)p —0.42, 
{as/2'K){Ag)n ^ -0.04 in case (a), and {as/2'K){Ag)p ~ —0.27, {as/2iT){Ag)n ^ 
0.10 in case (b) With these values, and taking rUu = 5.1 MeV, rrid = 9.3 MeV, 
rus = 175 MeV [32], we obtain 
Case (a): 



4 “^ 



73.6 



(25) 



^ Subsequent experimental results on the first moment of the proton spin structure 
function g\ have not changed the value used in Ref. [30] significantly. See the papers 
in Ref. [31]. 

^ These values, as well as gr^NN = 6.8 are not ruled out by the available experimental 
information. See, for example. Refs. [28] and [29]. 

® In an other approach [26] {as/2Tv){Ag)a was evaluated by showing that g^^ +g^^ = 
(/r+ — /io)/ {mu—rrid), where //+ and go are corrections to the pole dominance appro- 
ximation in the derivation of the Goldberger-Treiman relation from the divergences 
of the charged and neutral axial- vector currents, respectively. Since go is not known, 
the value of {a.s /2'K){Ag)a in this approach depends on assumptions made for the ra- 
tio gojg^- For go = one finds {ols j2'K){Ag)p = -0.38, (as/27r)(zlp)n = 0.02, and 
~ 81.0, ~ -82.7, ~ -2.6, 5 !“^ ~ -77.4, ~ 84.9, g^^^ ~ -0.48; for 

go = 0 the values are (as/27r){Ag)p ~ —0.26, (as/27r)(Z\g)„ ~ 0.15, ~ 103.0, 

g^‘^'> ~ -70.6, ~ -2.0, ~ -53.4, gif^ ~ 98.0, gi"^ ~ 0.2. 
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Case (b): 





(26) 


4'^ --2.8 , 


(27) 


4“)~-88.4 , 


(28) 


4‘^)~78.8 . 


(29) 


4*) ~ -0.81 . 


(30) 


101.2 , 


(31) 


5^~-71.6 , 


(32) 


4*)~-2.0 , 


(33) 


4“)~-62.6 , 


(34) 


4'"^ -92.9 . 


(35) 


4«)~-0.05 . 


(36) 



For the proton matrix elements of the tensor current we shall take 

~ 0.84 , 









-0.23 



~ -0.05 



(37) 

(38) 

(39) 



which are the central values obtained in a lattice QCD calculation [33] in the 
limit of isospin invariance^^. 



(n) 



6u, 



The correspondence between our notation and the notation in Ref. [33] is h\ 

= 5d, = {6s)a is • The values (37) and (38) are not far or are consistent 

with the ones obtained in the SU{3) chiral quark soliton model [34], using axial- 
vector dominance [35], and in the bag model [36], but disagrees in the value of 
with estimates using the constituent quark model [37] , QCD sum rules [38] , and the 
Nambu-Jona-Lasinio chiral soliton model [39]. For a summary of the results of the 
different calculations, see Ref. [40]. Among the above calculations a value for is 
given only in Ref. [34]; it is smaller than the one in Eq. (39) by a factor of 5. 
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Using in Eqs. (8)-(12) the values of the constants /i‘*\ g^\ and given in 
Eqs. (19)-(21), (25)-(30) (corresponding to case (a)), and (37)-(39), the experi- 
mental results (2)- (6) imply the following bounds on the coupling constants of 
the CPV e — u, e — d and e — s interactions: 

d(Tl) : |(A:s« + ksd + 0.45%,) - 10-^(2.7%„ - 0.74%^ - 0.16%,) 

< 4.5 X , (40) 

d{Cs) : \{ksu + ksd + 0.45%,) + 1.3 x 10-^(2.7%„ - 0.74%d - 0.16%,)| 

< 7 X 10“® , (41) 

d{Hg) '■ |(%u ~ S-^kxd + 0.2%,) -|- 1.2(kpu — 0.9kpd + 9.3 x 10~^kps) 

-0.4(%„ + ksd + 0.45%,) I < 4.5 X 10“® , (42) 

d{Xe) : |(%u + 21.5%d — 1.9%,) — 4.5(%„ — 0.8%d + 2.6 x 10~^%,) 

-f 1.2(%„ + ksd + 0.45%,) I < 5.5 X 10-5 , (43) 

y{TlF^ : \{kTu 9.97kxd — 0.09kpg) -|- 9 x 10 ^{kpu — ^■'^kpd — 0.07fcp,) 
+0.14(%„ + ksd + 0.45%,)| < 8 X 10“^ . (44) 

The bounds for case (b) are obtained by the replacements 

1.2(%„ - 0.9%d) ^ 0.84(%„ - 1.5%d + 8 X 10-^%,) , (45) 

— 4.5(%u — O.^kpd) — > — 2.1(fcp„ — 2.3kpd + 2.2 x 10“^%,) , (46) 

9 X lQ-^{kpu - lAkpd) 0.16(%„ - 0.5%d - 2.5 x 10“2%,) . (47) 

in Eqs. (42) - (44). 



3 CP-Violating Electron-Quark Interactions in Extensions 
of the Standard Model 

3.1 The R-parity 

Violating Minimal Supersymmetric Standard Model 

In the R-parity Violating Minimal Supersymmetric Standard Model ( JIMSSM) 
there are tree-level contributions to CPV e — q interactions, originating from the 
lepton- number violating part of the R-parity violating superpotential [15] 



For reviews see Ref. [41]. See also the pertinent papers referred to in Ref. [15]. 
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Wfi = ^A.jkL'L'E^' + XijkL'iQ'jDf + . (48) 

In Eq. (48) L', Q'- are the S'l7(2)-doublet lepton and quark superfields, Ef, 
Df are the 5C/(2)-singlet charged lepton and and up- and down- type quark 
superfields, is the Higgs superfield which generates the masses of the up- 
type quarks. The primes on the fields indicate that they are the weak eigenstates; 
i^j^k = 1,2,3 are family indices = ^eL ^ 2 L = etc.), and summations 
over z, j. A), are implied. The constants Xijk are antisymmetric under j ^ k. 

The contributions to CPV e — q interactions arise from interference between 
an Xijk and an X'-j^ term. There are two contributions for each down-type quark, 
generated by and -exchange. The resulting interactions are of the form 
(1) with 



ksd = -kpd 



= E 

J=2,3 






2m? 



Gp 



(49) 



kss = -kps 



E 

J=2,3 



Im{XijiXj22^t^s) y/2 



(50) 



ksu = kpu = kpu = kpd = kps = 0 , (51) 

where 

^e=(vt^) , (52) 

\ / ee \ / ee 

= K’)*, (<’)L ' 

\ / SS X / SS 

In Eqs. (52)-(54) V^\ and are the mixing matrices of the left- 

handed and right-handed charged leptons, and of the left-handed and right- 
handed charge (— |) quarks, respectively. 

The CP-violation inducing the CPV e-q interaction can come from complex 
coupling constants Xijk and/or AC^, and also from complex phases that are 
present in general in the elements of the fermion mixing matrices. Note that 
such phases cannot be removed from the interactions eij^eqq and eeqi^^q, since 
these operators are invariant under e — )► and under d 

In Ref. [15] we had not recognized yet this second possibility. 

Note that the phase of the left-handed and of the right-handed component of the 
fields must be changed by the same phase, since otherwise the mass terms for these 
fields would become complex. 
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Inspection shows that the best limit on ksd and on kss comes from d{Tl). 
Assuming that only a single product ^jkk participates at a time,^^ Eq. (40) 
reduces for k = 1 and k = 2 to 

|A;s<i| < 4.5 X 10-* (55) 

and 

\kss\<l0~^ , (56) 



which imply 

|/m(AtjiA'iio;>d)|<7.4xl0-®(mp,/100GeV)2 (j = 2,3), (57) 



|7m(At^.iA'22w:o;,)| < 1.7x 10-®(mp,/100GeV)2 (i = 2,3) . (58) 

The same coupling constants Xijk and that give rise to the CPV e — q 
interaction induce also contributions to the electric dipole moment of the electron 
(de). It can be shown that without involving further model parameters one- loop 
contributions to de are absent [15], [42], [43].^^ Contributions to dg arise through 
two- loop diagrams [15], [42], [43], The limits from dg are 2-3 orders of magnitude 
weaker than the limits from the CPV e-q interactions. There are also two-loop 
contributions to the quark electric dipole moments (inducing contribution to 
the neutron electric dipole moment, d^), and to the quark chromoelectric dipole 
moments (inducing contributions to dn and to the Schiff moments). The limits 
on from these are weaker than the limits from dg. 

Further contributions to CPV e-q interactions in the ^MSSM come from 
the new phases in the R-parity conserving sector [44], [45]. These are induced at 
the one-loop level. The contributions from the gauge interactions are small, in 
d{Hg) and d(TZ) 2-3 orders of magnitude smaller than the contribution from dg 
[44]. However, the Higgs-exchange contributions, induced by one-loop corrections 
to the Yukawa couplings, are proportional to tan^/? (tan^S = and for 

large tan /? can be the dominant contribution to the electric dipole moments of 
paramagnetic atoms [45]. 

This assumption precludes additional significant constraints to apply on a given 
Im{X\j^X'j]^]^uj%Wk) ^ and the possibility of cancellation among the different contribu- 
tions in Eq. (40). 

One loop contributions to de can arise however with the participation of either — 
mixing, or both /l — fn mixing and Major ana neutrino mass terms [15], [43]. 

The electric dipole moments of the quarks arise also only at the two-loop level [15], 
[43]. More generally, tree-level and one-loop level contributions from X'^j^ to flavor- 
conserving P, T- violating nonleptonic operators are absent without the participation 
of i>i — i>i mixing [15]. 
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3.2 Models with Leptoquarks 

Leptoquarks (LQs) are bosons which couple to lepton-quark pairs. They ap- 
pear in various extensions of the SM. LQs which do not induce proton decay 
could be light enough to cause observable effects in some low-energy processes. 

Assuming that the LQ-fermion couplings are dimensionless, the spin of the 
LQs can only be zero or one. 

The lower bounds on the masses of spin-one and spin-zero LQs are ~ 300 
GeV and ~ 240 GeV, respectively.^® These are obtained from experiments at the 
Tevatron, where LQs can be produced in pp scattering by the strong interaction. 
The best limits on the effective LQ-fermion coupling constants (the LQ-fermion 
coupling constants times the appropriate products of the fermion mixing angles) 
for given LQ masses, obtained at HERA, are a few times 10“^ to a few times 
10”^ for 200 GeV ^ ttilq ^ 400 GeV, and the best limits on the ratios of 
the effective LQ-fermion coupling constants and the LQ masses from contact 
interaction searches are of the order of (10~® 

In the following we shall restrict our attention to LQs coupled to the first 
fermion family. 

The most general SU{2)l x U{1) x SU{3)c invariant, lepton-number con- 
serving (for Dirac neutrinos) and baryon-number conserving Lagrangian for the 
couplings of spin-one leptoquarks to a Standard Model family contains 9 LQ 
states characterized by definite SM quantum numbers and a definite fermion 
number^^. The couplings to the first family are given by 

^spin-one ~ 

+/i3L[(«L7M^eL ~ + V2d'^l^u'Mr-] 

-{g2LdR'fi^e'L + g2Rdt^^e'fX){V2)‘X + {g2Ld%'Jf,l''^L + g2RULlf,e'ji){V2)^ 
-g2LU%riM^X)\ + (59) 

In Eq. (59) the primes on the fermion fields indicate also here that they are the 
weak eigenstates rather than mass eigenstates; cl = — 7s), cr = ^{1 -\- 75), 

etc. The first subscript on the LQ fields denotes the dimension of the multiplet, 
and the second represents the value of the third component of weak isospin 
Tz {Tz = ±|, or 0, ±1). The fields with the superscript c refer to the charge- 
conjugate fields: = Cu^ ^ etc. 



For reviews of aspects of LQs, see Ref. [46]. See also the pertinent papers referred 
to in Ref. [12]. 

For a review, see Ref. [47]. 

Ref. [48]. We assume here that a ’’Standard Model family” contains only a left- 
handed neutrino. Inclusion of a right-handed neutrino (see Ref. [49]) does not affect 
the e-q interaction, since the presence of the right-handed neutrino, which is a singlet 
under the gauge group, does not require the presence of a coupling involving the 
electron. 
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The analogous Lagrangian describing the couplings of spin-zero LQs, which 
also contains 9 LQ states, is^^ 

^spin-zero = [giLiule'L - d’^'v'^L) + 9iRu'Re'R\Si 

-9^L[{dtu',L + «i'ei)(53)o + s/2dte'^{S^)+ - 

— {h2Lu'Re'^ + h2Ru'j^e'n){R2)+ + {h2Lu'RReL ~ h2Rd'Re'R){R2) - (60) 

—h,2Ld'Re']^{R2)+ + }i2Ld'Rv'^R{R2)- + H.c. 



CP-violation in the LQ-fermion couplings can originate from complex LQ- 
fermion coupling constants, fermion mixing, and LQ mixing^^. 

As the CPV e ~ q interaction contains only scalar, pseudoscalar and tensor 
type couplings, it can receive contributions only from non-chiral LQs (LQs that 
couple to both left-handed and right-handed quarks). 



Spin- One Leptoquarks. The CPV e — q interactions arising from the exchange 
of spin-one LQs has been investigated in Ref. [12]. Spin-one LQ exchange leads 
only to scalar and pseudoscalar type CPV e — q interactions [10]. 

In the case when the weak eigenstate LQs coincide with the mass eigenstates 
(as it is, for example, when only a single LQ multiplet is present), contributions 
to CPV e-q interactions arise only from Ui and (1^)+- The CPV e-u and e-d 
interactions from Ui~ exchange has the from (1) with^^ 



k 






^Su — kpu — 



kxd = 0 



Gf 



(61) 



where uJe and ujd are given in Eqs. (52) and (53). 

If the spin-one LQs are elementary, they are gauge bosons and, since the 
gauge interactions are CP-invariant, the coupling constants hip and hip are 
real. However, the product hiLhipujeU'^ can still be complex, due to the complex 
phases that are present in general in the elements of the mixing matrices. As 
we mentioned in Section 3.1, such phases cannot be removed from the e — q 
operators. 

From the limit on ksd (pQ- (55)), which comes from d(Tl), we obtain 

\Im(hiLKRu;e(v^)\ < 2 X 10“® (^2 50 ^ ev ) ' 

Refs. [48] and [50], In the latter paper a right-handed neutrino is included in the 
fermion family. Again, this does not bring in additional e — q interactions. 

Refs. [50] and [51]. LQs as sources of CP-violation have been considered also in Ref, 
[52]. 

We shall not consider the e-s interactions generated by quark mixing. The 
strength of these relative to the strength of the e-d interactions involve the factor 
which is expected to be small. 
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The contribution of (V 2 )+ has the same structure as the one from t/i, so that 
one obtains on Im{g2L92R^e^d) same limit as the one in Eq. (62). 

If more than one LQ multiplet is present, LQs of the same electric charge 
(Q) will generally mix^^.The mixing induces further contributions to CPV e — q 
interactions. Inspections shows that such contributions can arise from the mixing 
of the Q = ^ pair Ui, {Us)o, the Q = | pair Ui, (C/3)+ and the Q = ^ pair 
(F2)-, (^2)+. 

Let us consider the contribution from the Ui^CUs)^ pair. We shall write 
Ui = tJa COS Pi + Ub sin Pi 

( 1 / 3 )+ = {-Uasinpi + UtcosPi)e^^^ , (63) 

where Ua and Ub are the mass-eigenstates. The phase is a further source of 
CP-violation. The resulting CPV e — q interaction has 



ksu — kpu — \/2 f ~ ~ 

V^a ^6 

ksd = kpd = krd = km — 0 , (64) 

were uOe is given by Eq. (52), and 

V / uu \ / uu 

The limit on ksu from d{Tl) is < 4.5 x 10~^. A slightly better limit comes 
from d(Hg). Using the relations in Eq. (64), the limit from d{Hg) (Eq. (42)) 
becomes \ksu\ < 3 x 10"^ for case (a), and \ksu\ < 3.5 x 10~^ for case (b). 
However, the limits from d(Hg) cannot be regarded as safe. The reason is that 
in d{Hg) the contributions from the pseudoscalar and scalar type interactions 
are of the same order of magnitude and therefore, in view of the uncertainties 
in the values of the nucleon matrix elements, which for gi^^ could be large, the 
possibility of significant cancellations cannot be ruled out. We use therefore the 
limit from d(TZ), obtaining 

\Im | < 1.5 x 10“^ 

1 y 1 /_! i_ 

250 GeV ) sin/3icoSy^i 

The limits on the coupling constant products analogous to (62) and (66) are 
about the same as in Eqs. (62) and (66) for all the other cases. In the case of the 
^ 2 , V 2 system the CPV e — q interaction has both ksu and ksd nonvanishing, so 




sin Pi cos 



Pilm 



e'^^^^hiRhlpOdeUJ. 



A ^ 

“/ Gf 



23 



Mixing of LQs of different SM quantum numbers has been considered in Refs. [53], 
[54], and [55]. 
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that d{Ti) gives a limit only on the sum ksu + ^Sd- The second most stringent 
bound, this on a different linear combination of ksu and ksd-> comes from d{Hg). 
We have taken this bound at face value, keeping in mind that it is not a reliable 
one, as noted earlier. 

Spin- Zero Leptoquarks. In the absence of LQ mixing only the Si and the 
(i? 2 )+ contribute to CPV e-q interactions. The CPV e-q interaction from (i^ 2 ) + 
has been considered in Ref. [8], and the one from Si in Refs. [8] and [11]. An 
updated discussion is given in Ref. [12]. Contributions arising from LQ mixing 
[12] come from the Q = ^ pair Si^ (* 53)05 the Q = | pair 5'i, (* 53 )+, and the 
Q = I pair {R 2 )-, (^ 2 )+- A new feature of spin-zero LQs is the presence of a 
tensor term in the CPV e-q interaction [10]. The tensor e-q coupling constants 
are related to the coupling constants of the scalar and pseudoscalar terms. 

For all the cases except for the R 2 , R 2 system the best limits on the coupling 
constant products analogous to (62) and (66), obtained again from d(T^), are of 
the order of 10“^. The bounds for the R 2 , R 2 system, for which the experimental 
limits from both d{Ti) and d{Hg) are needed, are of the order of 10“^. For a 
detailed discussion we refer the reader to Ref. [12]. 

For both spin-one and spin-zero LQs the same couplings which induce the 
CPV e-q interactions contribute also the electron and neutron electric dipole 
moments and to the Schiff moments. These contributions are, however, much 
smaller than the contributions from the e — q interactions. 

3.3 Multi-Higgs Models 

In the SM, where the Higgs sector consists of only one Higgs doublet, the e — 
q interaction generated by the exchange of the Higgs boson is CP-invariant. 
CPV e — q interactions from neutral Higgs-boson exchange can arise in models 
containing additional Higgs multiplets. CPV e — q interactions in multi-Higgs 
models have been investigated in Refs. [8], [9], and [10]. 

Assuming (to forbid flavor-changing neutral current interactions) that all 
the charge — ^ quarks acquire their masses from interaction with just one Higgs 
doublet and that also all the charge | quark get their masses from just one Higgs 
doublet, the coupling of the quarks and the electron to the mass-eigenstates 
of the Higgs bosons is of the form (see Ref. [8]) 

C = {2\/2Gf^ (oidiDMoD + f^diDMjji^^D 

^auiUMuU -h (duiUMuil^U (67) 

-f aeiemeC + l3eiemeij6e)Hf , 

where = (d,s,b), Md, Mu are the diagonal mass matrices, 

and the constants adi, l3di^ * • * are real. Assuming further that the CPV e — q 
interactions arising from (67) are dominated by the exchange of the lightest 
Higgs boson, the CPV e-q interaction is of the form (1) with the tensor terms 
vanishing and 
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ksuk = —^menriuJmZue , ( 68 ) 

TTIh 

2 

^Sdk = —^memdj,ImZde , (69) 

TTIh 

2 

kpuk = —^rriemuklmZeu , (70) 

TTIh 

2 

kpdk = —T^merridJmZed , (71) 

TUh 

(k = 1,2,3) [8]. In Eqs. (68)-(71) (ui,U 2 ,us) = {u,c,t), {di,d 2 ,d^) = {d,s,h), 
and ImZfff = af and f3f denote the constants otdi^ Pdi^ ' ' ’ for the 

lightest Higgs boson. 



The couplings in (67) contribute also to dg. The dominant contributions to 
dg come from two- loop diagrams [56]. Analysis shows that in the diamagnetic 
atoms and in T£F the contribution to atomic EDMs and p{T£F) 

from the CP V e — q interactions are comparable to the contribution from dg [8] . 

In Ref. [9] CPV e — q interactions have been considered in a two Higgs-doublet 
model, where the electron and the top quark couple to different Higgs doublets. 
It was shown there that in some region of the parameter space the contribution 
of the CPV e — q interactions to d{Hg)^ d(Xe), and v{T£F) is larger than the 
contribution from dg. 



4 Conclusions 

CPT invariant CP- and P- violating e-q interactions are sensitive probes of some 
sources of CP- violation beyond the SM. In this talk we reviewed such interactions 
in the p.MSSM, in models with leptoquarks, and in multi-Higgs models. CPV e-q 
interactions appear in these models already at the tree level. Experimental limits 
on atomic EDMs and the molecular P,T-violating parameter u set stringent 
limits on the strength of the CPV e—q interactions, which in turn imply stringent 
bounds on CP-violating parameters of the models. 

In the JIMSSM the contributions of the CPV e — u^ e — d and e — s interactions 
from R-parity violating couplings dominate the contributions from the same 
couplings to atomic EDMs and v in all cases experimentally studied so far. 
For large tan {3 this is so also for CPV e — q interactions arising from radiative 
corrections to Higgs-exchange with CP-violation from the R-parity conserving 
sector of the model. 

In models with LQs the CPV e — q interactions from exchange of LQs coupled 
to the first fermion family also give the dominant contribution to the EDMs and 
V for given couplings. 

In multi-Higgs models the contribution of the CPV e-q interactions to d{Hg)^ 
d(Xe), and u{TiF) can be comparable or larger than the contribution from dg. 



CP-Violating Electron-Nucleon 



161 



We note that the limits from atomic electric dipole moments and molecular 
P, T-violating observables are expected to be improved in the future considera- 
bly [57]. 
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Abstract. The standard forms of supersymmetry and supergravity are inextricably 
wedded to Lorentz invariance. Here a Lorentz-violating form of supergravity is propo- 
sed. The superpartners have exotic properties that are not possible in a theory with 
exact Lorentz symmetry and micro causality. For example, the bosonic sfermions have 
spin 1/2 and the fermionic gauginos have spin 1. The theory is based on a pheno- 
menological action that is shown to follow from a simple microscopic and statistical 
picture. 



1 Introduction 

There is no spin-statistics connection in nonrelativistic quantum mechanics [1], 
for a simple reason: Although causality is a meaningful concept in a nonrelativi- 
stic picture, microcausality is not. I.e., there is no requirement that commutators 
vanish outside a light cone. For the same reason, a fundamental theory which 
violates Lorentz invariance does not necessarily lead to the usual spin-statistics 
connection [2]. Such a theory may contain, e.g., bosons with spin 1/2 and fer- 
mions with spin 1, and these particles will have very unusual properties. Here 
we will discuss a Lorentz-violating theory which contains spin 1/2 sfermions 
(bosonic superpartners of the Standard Model fermions), and spin 1 gauginos 
(fermionic superpartners of the Standard Model gauge bosons). 

It is worthwhile first to clarify the vocabulary, in which the definition of terms 
like “supersymmetry” is broadened in the interest of clarity [3]: An action or 
theory is defined to be supersymmetric if it is invariant under a transformation 
which converts fermions to bosons and vice-versa. Also, “super” is used as a 
generic prefix for any objects that involve both commuting and anticommuting 
variables [4]. This usage parallels that for “complex”, which signifies that a 
quantity contains both real and imaginary parts. The most standard forms of 
supersymmetry are inextricably wedded to Lorentz invariance [5], whereas the 
broader usage permits a Lorentz-violating theory to be supersymmetric. The 
fermionic superpartners of Standard Model bosons still have the suffix “ino” 
(as in gaugino) and the bosonic superpartners of fermions still have the prefix 
“s” (as in squark), although the “s” now stands for “superpartner” rather than 
“scalar” . 

Just as a theory can have Lorentz symmetry without supersymmetry, it can 
have supersymmetry without Lorentz symmetry. Of course, a true theory of 
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nature must exhibit near-perfect Lorentz symmetry in those regimes where this 
symmetry has been tested by experiment and observation. 

There are several motivations for Lorentz-violating theories, ranging from 
proposed ad hoc solutions of problems in astrophysics [6] to the anticipation 
that some mechanism may lead to a breaking of Lorentz violation that is ex- 
perimentally detectable [7, 8]. The present theory has a different motivation: 
Namely, the goal is to understand why Lorentz invariance is a fundamental sym- 
metry, how it emerges from a still more fundamental picture, and under what 
circumstances it may be violated. In the second part of this paper (Sections 3 
and 4) , we will see that a simple microscopic and statistical picture leads to the 
following phenomenological and supersymmetric action: 



S'- 







( 1 ) 



where the notation is explained in Refs. 2 and 4. In the first part of the paper 
(Section 2), we will start with this action and demonstrate that it leads to 
a Lorentz-violating form of supergravity. We will, however, emphasize only the 
action for Standard Model fermions and their superpartners. This action involves 
the coupling of the fermions and sfermions to the gauge fields and gravity, and to 
gauginos and gravitinos, but the complete action for the Standard Model bosons 
and their superpartners will be deferred for future discussion elsewhere. 



2 Lorentz-Violating Supersymmetry and Supergravity 

After a transformation to Lorentzian spacetime, the Euclidean action of (1) 
becomes 



Sl = — 




ZiTfl c Zi 



( 3 ) 



Here, as in Refs. 2 and 4, the following convention is used for arbitrary D- 
dimensional vectors um- in the Euclidean formulation, = d^^ajsf, but in the 
Lorentzian formulation, where — dia^(— 1, 1, ..., 1) is the 

Minkowski metric tensor in D dimensions (M — 0, 1, 2, ..., D — 1.). (In both the 
Euclidean and Lorentzian formulations, is the coordinate corresponding to the 
physical time evolution of field densities like (51), and only the mathematical 
description is different.) The metric tensor associated with gravity and local 
Lorentz invariance, qmn or ^ is always shown explicitly in expressions like 

^MN ^ 

g utv. 

As in Refs. 2 and 4, it is assumed that the physical vacuum contains a GUT- 
scale condensate which forms in the very early universe, and which exhibits 
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rotations in both external spacetime (/i = 0, 1, 2, 3) and an internal space x'^ 
(m = 4, 5, — 1). These rotations are described by unitary matrices Uext and 
Uint, SO that the order parameter 

^cond = {^h)yac (^) 

has the form 

^cond = f2ext{x^) , 3^^) (5) 

i^ext {X^) = Uext ix^^) nj^t {x^) Vext ( 6 ) 

= Uint x^^) nli^ (x™, X^) flint (7) 

where r]ext and rjint are constant vectors. External and internal “superfluid ve- 
locities” are defined by 

mv^ = -iU-\d^^Ue.t - iUrJ^d^Uint ( 8 ) 

f^^m — 'iU^^^drnUint • (^) 

Let us write 

= fycr“ + v^cr'^ , VM = VMaO-" + VMcCr'' (10) 

where a — 0, 1, 2, 3 and c > 3. Also, {k = 1,2, 3) is a Pauli matrix, cr° is the 
2x2 identity matrix, and the are generators associated with an initial internal 
symmetry group As in Refs. 2 and 4, is interpreted as the gravitational 

vierbein e^: 



< = < (11) 

( 12 ) 

Also, v^c is interpreted as giving the gauge potentials through 

e^c = A^^K^Vnc (13) 

with 

^fic — '^fic 

where corresponds to the Killing vectors of the internal space, just as in 
classic Kaluza-Klein theories. 

In the present paper we wish to generalize the above treatment by allowing 
for more general rotations which mix bosonic and fermionic degrees of freedom. 
First consider the global supersymmetry transformation 

Q^Q'=UQ (15) 

or, with bosonic and fermionic fields shown separately. 
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f^b\ ^ {^'b\ ^ (Ubb Ubf\ f^^b\ 

[nf) ^ \Q'J \Uf,Uff) y%J 



(16) 



If 



U^U^l (17) 

(3) is invariant under this transformation, so the theory is supersymmetric ac- 
cording to the definition given above. The elements of Ubb and Uff are ordinary 
commuting variables, like the components of The elements of Ubf and Ufb 
are anticommuting Grassmann variables, like the components of i?/. 

Now let us replace the picture of a rotating GUT-scale condensate by a more 
general picture in which all the fields of the vacuum contain a rotation described 
by a supermatrix U which varies as a function of the spacetime coordinates. 
With a possible redefinition of the fermion fields, we can choose Uff = Ubb and 
write 



12^“^= = 12° 


(18) 


where 12° is constant and 




rivac / (~i\ f i^b) yac 1 

V(%).ac2* 


(19) 


;/ f ^bb i^bf\ 
yufb Ubb ) ■ 


(20) 



The generalizations of (5) - (10) and (13) - (14) are 

= Ue,t (X>^) nlil Uint (x™, X^) nli^ (x^,x^) 12° (21) 



mV^ = - iKrld^Kint ( 22 ) 

UintTTlVfYi = '^dmUint ~ '^^mUint UintTTlVjYi (^^) 

yM ^ Vm = Vmc(T^+VmcCT^ (24) 

(25) 

E^c = -V^c (26) 



where the last two expressions in (23) implicitly multiply a 2 x 2 identity matrix, 
and it is assumed that the internal space contains no supersymmetric rotations. 

The fact that U is unitary implies that — —W^OmU with U^ = U~^ ^ 

or 



TYlV M — iOmU^U 



(27) 



so that 



vh 



Vm = V 



M 



(28) 
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We can then write, e.g., 



=: 



nr nr 
nr^ nr 



At this point, the logic of Ref. 2 can be repeated with 
vm — t Vm , t 



(29) 



(30) 



=('",(») ( 31 ) 

(32) 

In particular, (3.38) - (3.41) of Ref. 2 become 

f? (a)^, X^) = {x^^) Uint [x^, X^) n- {x^^) (x™) , (33) 



= ZYext {X>^) Uint {X^, X™) (9^ + imV^^a^ + (34) 

j d^x J?t = y d'^a: imV^c.(T°‘ + imV^c(T^) 

X (9j, + imV^fsa^ + imV^dcr'^) 

= V^‘'{r\ {dfj, + imVfj,aiy°‘ + imV^cO’'') 

X ^ |t)(t| [dn + + imV^dcr'^) |s) J7® 

t 

= (5^ + fmV^«a“) - ] 

X [dts [du + imVuf3(T^) — iAltf] 17® 

= f2l, [{d^ - iA^^u) + imV^^a^] 

X [{d^ - iAitj) +imK/3cr^] f^eirt (35) 



Sl = J d^xQl, X 

+ Meoit) f^exA (36) 

where 






( 37 ) 
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Also, the generalization of (2.22) of Ref. 2 is 



^ext '^ext 



- next 



-d^v^ + 



n. 



ext ^ ^ext 



= 0 . 

(38) 



Adding this equation to its Hermitian conjugate gives a still more general Ber- 
noulli equation 

n^ext + Pext = next (39) 

where 

Pext = (40) 

As before, it is assumed that the basic texture of the vacuum field rotations is 
such that 



n° = ^o“ = 0 , A:, a =1,2, 3 (41) 

SO that (39) reduces to 

^mV^Va^o + Pext = IJ’ext- (42) 

1 /2 

When and are neglected, (36) then simplifies to 

Sl = J d^x 12L ^ext . (43) 

Since m is comparable to the Planck mass, it is reasonable to assume that the 
first term can be neglected, giving 

Sl = J d^x Ql, Qext (44) 

or, with again slowly varying, 

Sl = j d^x e Hea^t (45) 

^ext = J?ext , e = det (co,^) . (46) 



According to (31) and (32), the bosonic fields play the same role as before. 
Namely, is the vierbein representing the gravitational field, and is the 
potential representing the gauge fields of a grand-unified theory - an 50 (10) 
theory [9, 10, 11] if the dimension of the internal space is 10. The fermionic 
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fields can be interpreted in an equally simple way: namely, corresponds to 
a spin 2 gravitino and to spin 1 gauginos. Again, we have generalized the 
usual vocabulary, so that the superpartner of the graviton is defined to be the 
gravitino, and the superpartners of gauge bosons to be gauginos, even though 
these fermions have quite unconventional properties. The unconventional spin is 
required because, e.g., transforms as a vector. 

Here we have emphasized the fermions of the Standard Model and their bo- 
sonic superpartners. We have shown that all of these particles are automatically 
coupled to gauge fields, the gravitational field, gauginos, and gravitinos, if one 
assumes the action (1) and gives e^, and the physical interpretation 
above. The Higgs sector has not been considered here; as will be discussed else- 
where, the action for Higgs fields is interpreted as a low-energy effective action. 
As will also be discussed elsewhere, the action for the gauge fields, gravitatio- 
nal field, gauginos, and gravitinos is now interpreted as arising from a “vacuum 
diamagnetism”, rather than just from the topological defects responsible for 
curvature [4]. Finally, a discussion of the detailed phenomenology (including the 
existence of a stable LSP) would also be too extensive for the present paper. 



3 Statistical Origin of the Bosonic Action 

In this section we turn to a different issue: the origin of the phenomenological 
action (1). We will show that this action follows from a simple microscopic 
and statistical picture. Our starting point is a single fundamental system which 
consists of Nuj identical “whits”, with variable. (“Whit”, whose meanings 
include “particle” and “least possible amount”, is an appropriate name for the 
irreducible objects that are postulated here.) Each whit can exist in any of 
states, with the number of whits in the ith state represented by A microstate 
of the fundamental system is specified by the number of whits and the state of 
each whit. A macrostate is specified by only the occupancies ni of the states. 

As discussed below, D of the states are used to define D coordinates in 
Euclidean spacetime, of the states are used to define observable fields 
and the remaining {M^ — rriyj — D) states may be regarded as corresponding to 
fields that are unobservable (at least at the energy scales considered here). 

Let us begin by defining an initial set of coordinates in terms of the 
occupancies tim* 



= iriMao (47) 

where M = 0, 1, ...,T> — 1. It is convenient to include a fundamental length uq 
in this definition, so that we can later express the coordinates in conventional 
units. As one might expect, uq will eventually turn out to be comparable to the 
Planck length: 

ao ~ = (leTrG)^/^ (48) 
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since ao = m~^ ^ mp^ = according to (7&). 

With the definition (47), positive and negative coordinates correspond to the 
same occupancies. There are two relevant facts, however, which make this defini- 
tion physically acceptable: First, two points whose coordinates differ by a minus 
sign are typically separated by cosmologically large distances. Second, and more 
importantly, the fields need not return to their original values when they 
are evolved, according to their equation of motion, from points with positive 
coordinates to points with negative coordinates. I. e., the field configurations 
described by the two sets of points can be regarded as distinct, and in this sense 
the points themselves are distinct. The different branches of the field configura- 
tion are analogous to the branches of a multivalued function like which are 
taken to correspond to distinct Riemann sheets. 

At extremely small distances, spacetime is discrete in the present theory, with 
a finite interval between two adjacent points and -h 5X^: 5X^ = ag. 
As in Section 2, the X^ are divided into 4 external coordinates X^ and {D — 4) 
internal coordinates X'^. In the internal space it is natural to have variations on 
a length scale that is comparable to ^p. In external spacetime, on the other hand, 
we wish to consider fields which vary much more slowly, and it is convenient to 
average over a more physically meaningful length scale. Let us therefore consider 
a D-dimensional rectangular box centered on a point X, with X^ ranging from 
X^ — j2 to X^ -\-a^ / 2. For the [D — 4) coordinates of internal space, is 

taken to be the original fundamental length uq. For the 4 coordinates of external 
spacetime, is taken to be an arbitrary length a, and we will find that the final 
form of the action is independent of this parameter. 

In this coarse-grained picture, the density of whits in the ith state is 

Pi{X)=Ni/AV , i = (49) 

where 

Ni = ’^rii {X) , AV = H (50) 

X M 

and the values of X are those lying within the box centered on X. Let 

4^k ~ Pk 7 /c = 1, 2, ..., (bl) 

The initial bosonic fields (pk are then real (but defined only up to a phase factor 

zbl). 

Let S (X) be the entropy of the single box at X for a given set of densities 
Pi, as defined hy S {X) = log W (X) (in units with ks = = c = 1). Here 

W (X) is the total number of microstates in this box at fixed pi or AT^: W (X) = 
A^(X)!/i7i7Vi(X)!,with 






(52) 
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The total number of available microstates for all points X is W = II x W (-?), 
so the total entropy is 



5 = 5 (X) (53) 

5 (X) = log r (V (X) + 1) - ^ log r {Ni (X) + 1) . (54) 

i 

It follows that 

=./. (Af(X)+l)-^(Wi(X) + l) (55) 

(A/- (^ ) + 1) - V.'" (iV. (X) + 1) (56) 

where 'll; {z) = dlogF^z) jdz and (z) = d'^^^ log F{z) j dz^^^ are the di- 
gamma and poly gamma functions, with the asymptotic expansions [ 12 ] 



^ {z) 



logz 



1 

2z 



E 

1=1 



B21 
21 z^i 



(z) = (- 1 )”-' 



(n- 1 )! n! . X n + 1 )' 

2^"+^ (2Z)!^”+2« 



(57) 

(58) 



as 2 — >■ oo. For a ^ ip, we have Af (X) >>> = {X^ /ao)^ >» 1 , so it is 

an extremely good approximation to write 



dS 

dNk (X) 

d^S 

dNk' (X) dNk (X) 



= log V (X) - ij {Nk (X) + 1) 
= {Nk (X) + 1) Sk'k. 



(59) 

(60) 



We could express S' as a Taylor series expansion about the bare vacuum with 
(j)k {^) = 0 for all k and X: 



S' — Sjjare T EE'-- (X) Nk (X)” (61) 

X,k n 

6l (X) = \ogMbare (X) - ^ (1) (62) 

6 „+i =-V’(”^l)/n! , n=l,2,... (63) 

with 

{!) = —7 , 7 = Euler’s constant (64) 

^(«) ( 1 ) = (- 1 )"+^ n\C{n + 1) (65) 
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where Afbare (^) is the value of M (X) when Nk (X) = 0 for all the obser- 
vable states k and {z) is the Riemann zeta function. This is not physically 
appropriate, however, because bosonic fields exhibit extremely large zero-point 
fluctuations in the physical vacuum [13]. (These are analogous to the zero-point 
oscillations of a harmonic oscillator, but with a very large number of mo- 
des extending up to a Planck-scale cutoff.) In fact, it is consistent with both 
standard physics and the treatment of this paper to assume that 

= iP^)vao = ~ ( 66 ) 

Since there is no initial distinction between the states 0^^, it is reasonable to 
perform a Taylor series expansion about the same value N^ac for each /c, where 

N^ac ~ ip^AV - (a/ep)^ »> 1 (67) 

if, e.g., ~ 10^° TeV (with £p^ = mp ~ 10^® TeV). It is then an extremely 

good approximation to use the asymptotic formulas above and write 

^ ^vac +E aiANk{X)+'^a2[ANk{X)f (68) 

X,k X,k 



ANk {X) = Nk (X) - 



(69) 



ai = logA/'t,ac - log , 02 = “1/ {‘^■Nyac) (70) 

where Mvac (V) is the value of J\f (X) when Nk (X) = Nyac for all k, and the 

neglected terms are of order [ANk ANk (V) , n > 2. 

It is not conventional or convenient to deal with ANk and (ANk)‘^, so let us 
instead write S in terms of the fields (pk and their derivatives d(j>k jdx^ via the 
following procedure: First, we can switch from the original points X, which are 
defined to be the centers of the boxes, to a new set of points A, which will be 

defined to be the corners of the boxes. It is easy to see that 

5 + ^ai {ANk (X)) + ^ «2 ( [ANk (X)]') (71) 

X,k X,k 



where (• • • ) in the present context indicates an average over the 2^ boxes labeled 
by X which have the common corner X. Second, we can write ANk = ApkAV = 
{(Apk) + Spk) AV, with (Spk) = 0: 



5 = + E ai {{Apk) + Spk) + E «2 {{{Apk) + 6pkf) (AVf (72) 

x,k x,k 

= Syac + Q1 {Apk) AV + a2 {Apk)‘^ (^{Spk)"^"^ {AV)‘^ . (73) 



X,k 



X,k 
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Each of the 2^ points X surrounding X is displaced by zba/2 along the axes 
and ±ao/2 along the x'^ axes. The last term above can therefore be rewritten 








(74) 

(75) 



where the neglected terms involve higher derivatives and higher powers of a and 
ao- Since pk = Pvac+^Pk, with Apk «< Pvac = Nyad^V for normal fields, it is 
an extremely good approximation to replace pk by p^ac in the above expression, 
and to neglect the term involving U 2 (AV)^ {^Pk)^ = “ {ANk)^ j2N^ac^ so that 
we have 



S = S',,, + ^AV 

X,k 






where 



m = Uq ^ , p = m {logMvac - ^Og Nyac) , (t>k = 4>k/m (77) 

and Sdc “ ^vac ^^x^k -^4;ac (logA/^ac iog Rocall that 

m ^ mp = 



The philosophy behind the above treatment is simple: We essentially wish to 
replace (/^) by {df /dx)^ ^ and this can be accomplished because 

{f) - iff = {(Sff) « {{df/dxf (6xf) = (df/dxf (a/2)" . (79) 

The form of (76) also has a simple interpretation: The entropy S increases with 
the number of whits, but decreases when the whits are not uniformly distributed. 
In the continuum limit. 



/ noo nc 

d^X= / d^X / 

J a J clq 

X X 

(76) becomes 

nOO nOO 

S = S',^,+ d^X d^-^xY, 

Ja J ao u 



d^-^x 



(80) 



(81) 



poo 

SLc+ d^xY 

an K 



. /i, ^ ^ \ ^ / YYl 

1 / d^k \ 

2m ^ \dx^ ) 

M ' ' 



d<pk 

dX‘^ 



( 82 ) 
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where 



x^=X"^ , x^ = {ao/a)X^^ , = (ao/af ^k- (83) 

The lower limit on each integral is the cutoff imposed by the size of the rectangu- 
lar boxes used in the coarse-graining above: a for uq for and ao for any 
. The continuum limit is an extremely good approximation for slowly varying 
fields in external spacetime, but only a moderately good approximation within 
the internal space, where the order parameter varies on a length scale compa- 
rable to £p. This implies that terms involving higher derivatives d'^(pk/d 
can be significant in the internal space. 

Notice that the final form (82) is independent of the arbitrary length a which 
was used for coarse-graining in external spacetime. The fields must be rescaled 
as a is varied, but this is already a familiar feature in standard physics [14]. 

A physical configuration of all the fields (pk {x) corresponds to a specifica- 
tion of all the densities pk (x). In the present picture, the probability of such a 
configuration is proportional to IT = e'^. In the Euclidean path integral, the pro- 
bability is proportional to where Se is the Euclidean action. We conclude 

that 



Se = —S constant. (84) 

Choosing the constant to be zero, and employing the Einstein summation con- 
vention for all repeated indices, we obtain 

s. = a) ■ (85) 

The above result neglects interactions among the observable and unobserva- 
ble fields, which will arise from the higher-order terms neglected above. Since a 
detailed treatment of these interactions would be quite complicated, we resort 
at this point to a phenomenological description: We assume that probability can 
flow out of and into each field, and that this effect can be modeled by a random 
optical potential iV which has a Gaussian distribution, with 

, (y{x)V{x')^ =bS{x-x') (86) 



where 6 is a constant. 

If we also assume that the number of observable real fields is even, we 
can group them in pairs to form complex fields Then we finally have Se = 

So §E 1 ^ 126 , 



Se 



f2] 



= J 



dPoi 



(— 
V 2m 



d’^nldMfib - M + iV QIQi 



where is the vector with components 



(87) 
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4 Supersymmetric Action 

If F is a physical quantity which is determined by the observable fields, its 
average value is given by 



where (• • •) represents an average over the perturbing potential iV . The presence 
of the denominator makes it difficult to perform this average, but there is a trick 
for removing the bosonic degrees of freedom 1?^ in the denominator and replacing 
them with fermionic degrees of freedom 17/ in the numerator [15, 16, 17, 18]: 
Since 



(In (93), 17/ consists of Grassmann variables 17/^^, just as 17^ consists of ordinary 
variables f^b,k-) For a Gaussian random variable v whose mean is zero, the result 




( 88 ) 




(89) 




(90) 



where A represents the operator of (87), it follows that 




where 17^ and 17/ have been combined into 17, 




(93) 



and 



Se [O, = f d^x + iV . (94) 




(95) 



implies that 



(■ 



e 



- fd^xiv 



^ X ' n^x)n{x){v{x)v(x')) (x')r2(x') 

= g-hbfd^x 



(96) 

(97) 
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It follows that 



with 



(F>=/ 



V^2Vf2'> Fe 



-s 



J I2m 2 ^ 

A special case is 

Z = jvQVQ'^e-^ 

but according to (88) 



(98) 



(99) 



( 100 ) 



Z = l. (101) 

To make the expression for {F) independent of how the measure is defined in 
the path integral, we can rewrite (98) as 

(F) = 2 J T>nvn^ Fe~^. (102) 

Notice that the fermionic variables i?/ represent true degrees of freedom, 
and that they originate from the bosonic variables The coupling between 
the fields and i?/ (or i?^) is due to the random perturbing potential iV. 



5 Conclusion 

The goal of this paper, and of the program represented by Refs. 2 and 4, is 
ambitious: It is to start with a simple and convincing microscopic picture, to 
show that this picture reproduces standard physics in the appropriate regime (of 
known particles at energies far below the Planck scale), and to propose extensions 
of standard physics that are experimentally testable. 

A truly fundamental theory should aspire to explaining the origins of 

• Lorentz invariance 

• bosonic fields 

• fermionic fields 

• supersymmetry 

• gauge fields and their symmetry 

• gravity 

• quantum mechanics 

• spacetime. 

In the present paper, Lorentz invariance emerges for fermions at energies that 
are far below the Planck scale, in part because the second-order term in (43) can 
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be neglected at low energy. Bosonic fields, fermionic fields, and supersymmetry 
emerge via the arguments of Sections 3 and 4, immediately above. Gauge fields 
and gravity, and well as gaugino and gravitino fields, emerge as collective mo- 
des of the vacuum, described by the supermatrix lA of (20). Quantum mechanics 
emerges through the chain of reasoning which begins in Section 3: Starting with a 
statistical picture, one obtains an entropy S which is then essentially interpreted 
as the negative of the Euclidean action, according to (84). After a transformation 
to Lorentzian time, and a change from path-integral quantization to canonical 
quantization, one obtains the usual formulation of quantum field theory. Finally, 
spacetime emerges according to the definition (47) of initial spacetime coordina- 
tes. Essentially, each coordinate corresponds to a different state labeled by 
M, and the occupancy of this state measures the position along the axis. 

There are many obvious philosophical issues involved in, e.g., the transition 
from Euclidean to Lorentzian time, and the identification of occupancies with 
spacetime coordinates. It appears, nevertheless, that these issues can be resolved 
and that the picture of the above paragraph makes physical sense. 

Most importantly, there are predictions that should be experimentally testa- 
ble within the next few years. In particular, the simplest form of the present 
theory predicts that each particle and its superpartner have the same spin, so 
that bosonic sfermions have spin 1/2 and fermionic gauginos have spin 1. 
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Abstract. Quantum-gravity effects are expected to be suppressed by the Planck mass. 
For experimental progress it is therefore important to identify potential signatures from 
Planck-scale physics that are amenable to ultrahigh-precision tests. It is argued that 
minuscule violations of Lorentz and CPT symmetry are candidate signals. In addition, 
theoretical and experimental aspects of the Standard-Model Extension, which describes 
the emergent low-energy effects, are discussed. 



1 Motivation 

An important open question in our understanding of nature at its fundamental 
level concerns a unified quantum description of all fundamental interactions in- 
cluding gravity. Such a theory is likely to become dominant only as the Planck 
scale is approached, so that quantum-gravity effects are expected to be minus- 
cule at presently attainable energies. Moreover, the absence of a fully realistic 
and viable candidate underlying theory provides a major obstacle for the iden- 
tification of concrete quantum-gravity signatures that can be searched for in 
present-day or near- future experiments. 

A possible approach to overcome this phenomenological issue is to determine 
exact relations in the currently accepted laws of physics that may be viola- 
ted in prospective fundamental theories and that can be tested with ultrahigh- 
precision. Symmetries typically satisfy these criteria. For example, Lorentz and 
CPT invariance are cornerstones of our present understanding of nature at the 
fundamental level, and a variety of Lorentz and CPT tests belong to the most 
sensitive null experiments available. Lorentz and CPT violation is also a key 
feature of certain approaches to underlying physics. 

For example, couplings varying on cosmological scales are one possible source 
of Lorentz and CPT violation [1]. This fact does not come as a surprise: para- 
meters dependent on spacetime break translational invariance, and translations, 
rotations, and boosts are linked in the Poincare group. Thus, violations of trans- 
lation symmetry can also affect Lorentz invariance. This can be understood in- 
tuitively as follows. The equations of motion typically contain the gradient of the 
coupling, which selects a preferred direction in spacetime, leading to apparent 
Lorentz violation. 

In this talk, we discuss some theoretical and experimental aspects of the 
Standard-Model Extension (SME) [2, 3, 4, 5, 6], which is the low-energy frame- 
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work for Lorentz-breaking effects. The SME is a dynamical framework construc- 
ted to contain all Lorentz- and CPT- violating lagrangian terms consistent with 
coordinate independence, which is a fundamental requirement to be discussed 
below. To date, numerous Lorentz- and CPT- violation tests involving hadrons 
[7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20], protons and neutrons [21, 22, 
23, 24, 25, 26, 27, 28, 29, 30], electrons [30, 31, 32, 33, 34, 35, 36, 37, 38, 39], 
photons [40, 41, 42, 43, 44], muons [45, 46, 47], and neutrinos [2, 48, 49, 50, 51] 
have been analysed or identified within the framework of the SME. 

The outline of this talk is as follows. In Sec. 2, we analyse the requirement 
of coordinate independence and its implementation. Section 3 contains a dis- 
cussion of the SME. In particular, its construction is reviewed, its generality is 
addressed, and its advantages are summarized. In Sec. 4, varying couplings are 
investigated from the perspective of providing a potential source of Lorentz and 
CPT violation. Section 5 comments on kinematical Lorentz tests with modified 
dispersion relations. The conclusions are contained in Sec. 6. 



2 Coordinate Independence 

One of the most fundamental principles in physics is coordinate independence. 
The need for this principle in the presence of Lorentz breaking is well established 
[2, 3, 52], and it has served as the basis for the construction of the SME. However, 
in some investigations of Lorentz and CPT violation coordinate- dependent phy- 
sics emerges, and occasionally Lorentz-symmetry breakdown is identified with 
the loss of coordinate independence. For these reasons, it is appropriate to re- 
view this fundamental principle and its implementation. It then becomes also 
clear, how coordinate independence provides a rough classification of different 
approaches to Lorentz and CPT breaking. 

A certain choice of labeling events in space and time is called a coordinate sy- 
stem. Such a labeling scheme is typically observer dependent and thus arbitrary 
to a large extent. Coordinate systems belong to the most common and important 
tools for the description of processes occurring in nature, but they fail to pos- 
sess physical reality: the choice of coordinates must leave the physics unaffected. 
This principle of coordinate independence is fundamental in science. It assures 
that the physics remains independent of the observer and is therefore also called 
observer invariance. Coordinate independence is guaranteed when spacetime is 
given a manifold structure and physical quantities are represented by geometric 
objects, such as tensors or spinors. 

Coordinate- physics does break Lorentz symmetry. However, the 
converse (i.e., Lorentz violation is associated with the loss of coordinate inde- 
pendence) is a common misconception. The principle of coordinate invariance 
is, in fact, independent from Lorentz symmetry. For instance, Newton’s law of 
gravitation and nonrelativistic classical mechanics are non-invariant under Lo- 
rentz transformations but can be formulated in the coordinate-free language of 
3- vectors. The Lorentz transformations acquire a significant role only on lorent- 
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zian spacetime manifolds where they implement changes between local inertial 
frames. 

Even on a lorentzian manifold, Lorentz symmetry may be broken. This fact 
can be illustrated in the conventional context of a classical point particle of mass 
m and charge q subjected to an external electromagnetic field . The equation 
of motion for such a particle reads 

m^= , ( 1 ) 

dr 

where r is the particle’s proper time and is its four- velocity. Equation (1) 
remains valid in all coordinate systems because it is a tensor equation. Thus, 
observer Lorentz symmetry is maintained. However, the external backgro- 
und violates, for example, symmetry under arbitrary rotations of the charge’s 
trajectory. Among the consequences of this noninvariance is the violation of 
angular-momentum conservation for the particle. Note the difference to coor- 
dinate changes, which leave unaffected the physics: here, only the trajectory is 
rotated, so that its orientation with respect to F^^ can change. One then says 
that particle Lorentz symmetry is violated, despite the presence of observer in- 
variance [2, 52]. It is important to point out that in the above example, the 
background F^^ is a local electromagnetic field caused by other 4-currents that 
can in principle be controlled. Our external-field illustration therefore fails to 
contain Lorentz violation as a fundamental property of an effective vacuum. 

The above discussion suggests the possibility of classifying different appro- 
aches to Lorentz violation by their behavior under coordinate changes. In the 
remaining part of this section, we discuss such a classification. 

Models with coordinate-dependent physics. Although it appears to be 
impossible to perform meaningful scientific investigations involving coordinate- 
dependent physics, such approaches to Lorentz breaking have been considered 
in the literature. More specifically, there have been two suggestions in the con- 
text of neutrino phenomenology: the first one forces the masses of particle and 
antiparticle to be different [53], while the second one attempts to build a model 
from positive-energy eigenspinors only [54]. Both approaches are known to in- 
volve coordinate-dependent off-shell physics [55, 56]. In what follows, we do not 
consider these approaches further. 

Coordinate-covariant models involving non-lorentzian manifolds. 

Another possibility to speculate how Lorentz invariance might be lost is the fol- 
lowing. Local inertial frames have a structure different from the usual minkow- 
skian one, so that Lorentz transformations no longer implement changes between 
inertial coordinates, i.e., observer Lorentz invariance is replacedhy observer inva- 
riance under some other symmetry transformation. But nevertheless, coordinate 
independence is maintained. This point of view is taken in the so called “doubly 
special relativities” [57, 58]. We mention that the viability and the physical 
interpretation of this approach appear to be controversial at the present time 
[59, 60, 61, 62, 63]. We leave such Lorentz-symmetry deformations unaddressed 
in the present work. 
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Coordinate-independent models involving nontrivial vacua. In this 
approach, a fully Lorentz-covariant underlying model generates a tensorial back- 
ground resulting in apparent Lorentz violation. The basic idea parallels that of 
our above external-field example. However, the background is outside of expe- 
rimental control and must be viewed as a property of the effective vacuum. 
Because of the lorentzian structure of the underlying manifold and the usual 
Lorentz-covariant dynamics at the fundamental level, this approach appears clo- 
sest to established theories. The physical effects in such models are perhaps 
comparable to those inside certain crystals: the physics remains independent of 
the chosen coordinates, but particle propagation, for example, can be direction 
dependent. As an immediate consequence, one can locally still work with the 
metric 77 ^^ = diag(l, — 1 , — 1 , — 1 ), particle four- moment a are still additive and 
still transform in the usual way under coordinate changes, and the conventional 
tensors and spinors still represent physical quantities. 

Such nontrivial effective vacua can arise in various theories beyond the Stan- 
dard Model. For instance, the possibility of spontaneous Lorentz and CPT bre- 
aking in the framework of string field theory was discovered more than a decade 
ago [64, 65, 66 , 67, 68 , 69, 70, 71]. Subsequent studies have considered other 
mechanisms for Lorentz- violating vacua including spacetime foam [72, 73], non- 
trivial spacetime topology [74], loop quantum gravity [75, 76], realistic noncom- 
mutative field theories [77, 78, 79, 80], and spacetime- varying couplings [1, 81]. 



3 The Standard-Model Extension 

The next step after determining general low-energy features is the identifica- 
tion of specific experimental signatures for Lorentz breaking and the theoretical 
analysis of Lorentz- violation searches. This task is most conveniently performed 
within a suitable test model. Many Lorentz tests are motivated and analysed in 
purely kinematical frameworks allowing for small violations of Lorentz symme- 
try. Examples are Robertson’s framework, its Mansouri-Sexl extension, the 
model, and phenomenologically constructed modified dispersion relations. But 
is also clear that the implementation of general dynamical features significantly 
increases the scope of Lorentz tests. For this reason, the SME mentioned in 
the introduction has been developed. However, the use of dynamics in Lorentz- 
violation searches has recently been questioned on the grounds of framework 
dependence. We disagree with this claim and begin with a few arguments in 
favor of a dynamical test model. 

Such a model is constrained by the requirement that known physics must 
be recovered in certain limits, despite some freedom in introducing dynamical 
features compatible with a given set of kinematics rules. In addition, it seems 
difficult and may even be impossible to construct an effective theory containing 
the Standard Model with dynamics significantly different from that of the SME. 
We also mention that kinematical analyses are limited to only a subset of poten- 
tial Lorentz- violating signatures from fundamental physics. From this viewpoint. 
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it is desirable to explicitly implement dynamical features of sufficient generality 
into test models for Lorentz and CPT symmetry. 

The generality of the SME. In order to understand the generality of the 
SME, we review the main elements of its construction [2, 3]. Starting from the 
usual Standard-Model lagrangian Csm one adds Lorentz- violating modifications 
dC: 



^SME = ^SM + • ( 2 ) 

Here, the SME lagrangian is denoted by jCsme- The correction 6C is formed by 
contracting Standard-Model field operators of any dimensionality with Lorentz- 
breaking tensorial coefficients that describe the nontrivial vacuum discussed in 
the previous section. To ensure coordinate independence, this contraction must 
yield observer Lorentz scalars. It becomes thus apparent that all possible con- 
tributions to determine the most general effective dynamical description of 
Lorentz violation at the level of observer Lorentz-invariant quantum field theory. 

Potential Planck-scale features, such as non-pointlike elementary particles or 
a discretized spacetime, are unlikely to invalidate the above effect ive-field-theory 
approach at presently attainable energies. On the contrary, the phenomenolo- 
gically successful Standard Model is normally understood as an effective-field- 
theory approximation for more fundamental physics. If fundamental physics in- 
deed exhibits minuscule Lorentz-breaking effects, it would seem contrived to 
consider low-energy effective models outside the framework of quantum field 
theory. We finally mention that the need for a low-energy description beyond 
effective field theory is also unlikely to arise in the context of candidate under- 
lying models with novel Lorentz-invariant aspects, such as additional particles, 
new symmetries, or large extra dimensions. Lorentz-symmetric modifications can 
therefore be implemented into the SME, if necessary [82, 83, 84]. 

Advantages of the SME. The SME permits the identification and direct 
comparison of essentially all currently feasible experiments searching for Lorentz 
and CPT violation. In addition, certain limits of the SME correspond to classical 
kinematics test models of relativity (such as the aforementioned Robertson’s fra- 
mework, its Mansouri-Sexl extension, or the model) [42]. Another advantage 
of the SME is the possibility of implementing additional desirable conditions 
besides coordinate independence. For instance, one can choose to require trans- 
lational invariance, SU(3) xSU(2) xU(l) gauge symmetry, power- counting renor- 
malizability, hermit icity, and point-like interactions. These conditions further 
restrict the parameter space for Lorentz breaking. One can also adopt simplify- 
ing choices, such as rotational invariance in certain coordinate systems. This 
latter assumption together with additional simplifications of the SME has been 
discussed in Ref. [48]. 
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4 Varying Couplings and the SME 



In this section, we construct a classical cosmological solution in the framework of 
the pure N = 4 supergravity in a four dimensional spacetime. We show that this 
solution leads to a spacetime variation of both the fine-structure parameter a 
and the electromagnetic 0 angle. Such a model fails to be fully realistic in detail, 
but it is a limit of the N = 1 supergravity in 11 dimensions, which is contained 
in M-theory. It could therefore give insight into generic features expected to 
arise in a promising candidate underlying theory. We illustrate the associated 
Lorentz- violating effects by looking at the ^-angle variation, which gives rise to 
the (kAp)^ term contained in the SME. 

Basics of the model. In Planck units, the bosonic lagrangian for our N = 4 
supergravity in four dimensions takes the following form [85]: 






INF^^F^^ + 



d^Ad^^A + d^Bd^B\ 
4B^ ) ' 



(3) 



Here, g^jy represents the metric, and we have assumed that only one graviphoton, 
F^jy, is excited. The dual F^^ = Fp^j /2 is defined as usual. The model 

also contains two scalars A and B that can be identified with an axion and a 
dilaton. The dependence of the couplings M and N on the scalars is fixed by 
the supergravity framework [1]: 



B{A^ -h -h 1) A{A‘^ -\-B^-l) 

(1 + ^2 H 2)2 - 4^2 ’ “ (1 + A 2 + H 2)2 - 4^2 * 



In the pure N = 4 supergravity in four dimensions, the graviphoton couples 
nonminimally to matter. Although the internal SO (4) symmetry can be gauged 
[86] , we adopt a phenomenological approach: in a realistic situation, the vector- 
matter interaction must be minimal. In what follows, we therefore can identify 
the graviphoton Fpjy with the electromagnetic field. 

Supergravity cosmology. Next, we consider the above model in a cosmo- 
logical context. We begin with the standard assumption of a homogeneous and 
isotropic universe. This implies that F^jy 0 on cosmological scales. We further 
take the universe to be flat, i.e.. A: = 0. This is justified in light of recent measu- 
rements [87, 88, 89]. The Friedmann- Robertson- Walker (FRW) line element has 
the conventional form: 



ds^ = dt^ — o?{t){dx^ -h dy^ + dz^). (5) 

Here, the usual comoving coordinates have been adopted and a(t) denotes the 
cosmological scale factor. As a consequence of the above assumptions, not only 
the scale factor, but also A and B depend on t only. 

For phenomenological reasons it is necessary to model the known matter 
content of the universe. We employ a standard approach and incorporate the 
energy-momentum tensor of dust, into our framework. If is the unit 
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timelike vector orthogonal to the spatial hypersurfaces and p{t) is the energy 
density of the dust, the usual arguments imply that = pUfj^Uj^. In the present 
model, this type of matter arises from the fermionic sector of our supergravity 
framework. At tree level, the scalars A and B do not couple to the fermions [85], 
so that we can take as conserved separately. 

It turns out that the equations of motion for our supergravity cosmology can 
be integrated analytically. For example, the time dependences of A and B are 
given by [1] 



A = ±Atanh | 1 - — ) + Aq, B = Asech ( - - — V (6) 

\r ToJ \t tqJ 

where A, I/tq, and Aq are integration constants. The parameter time r is defined 
by r = \/3/4 arcoth(A/3cn/4ci ^ + 1), which contains two more integration 
constants and ci. The solution (6) implies that both A and B approach 
constant values at late times t — > oo. Thus, the values of the axion A and the 
dilaton B become fixed in our supergravity cosmology, despite the absence of a 
dilaton potential. This is essentially a consequence of energy conservation. 

Varying couplings. Next, we consider excitations of in the axion- 
dilaton background determined by Eq. (6). From a phenomenological viewpoint, 
we can take these excitations to be localized in spacetime regions small on cos- 
mological scales. It is therefore appropriate to work in local inertial frames. 

The conventional electrodynamics lagrangian in inertial coordinates can be 
taken as 



1 9 

r — F F F^^ (7) 

4e2 167 t2 ^ ^ 

where we have allowed for a nontrivial ^-angle. The electromagnetic coupling 
is denoted by e. Comparison with our supergravity lagrangian (3) shows that 
we can identify = 1/M and 0 = 47T^A. It is important to note that M 
and N are determined by the axion-dilaton background (6), so that e and 6 
become functions of the comoving time t. In arbitrary local inertial frames, the 
electromagnetic coupling and the 0 angle therefore exhibit related spacetime 
dependences. 

We remark in passing that the functional dependence of the fine-structure 
parameter a = /Att on the comoving time can vary qualitatively with the 
choice of model parameters. Figure (1) displays relative variations Aol/ol of the 
fine-structure parameter versus fractional look-back time l—t/tnlo the big bang. 
Here, in denotes the present age of the universe and Aol = a{t) — a(tn). We have 
set the parameter I/tq to zero. The solid line corresponds to a constant a. Each 
broken line represents a set of nontrivial choices for A, and Aq. Input 

parameters leading to a variation consistent with the Oklo constraints [92, 93, 94] 
are labeled with an asterisk. The qualitative differences in the various plots, the 
nonlinear features, and the sign change for a in the two cases with positive Aq are 
apparent. Figure (1) also depicts the recent experimental results [91] obtained 
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Fig. 1. Relative change in the fine-structure parameter versus fractional look-back time 
to the big bang for various choices of integration constants [90]. Note the qualitative 
differences and nonlinear features. Also shown is the Webb data [91]. 



from measurements of high-redshift spectra over periods of approximately 0.6^^ 
to 0.8tn assuming Hq = 65 km/s/Mpc and = (0.3, 0.7). 

Lorentz violation. The Lorentz violation associated with varying couplings 
becomes perhaps most transparent in the equations of motion. Incorporating 
charged matter described by a 4-current lagrangian (3) yields in a local 
inertial frame: 



= f. ( 8 ) 

Note that in the limit of spacetime-constant e and 0, the conventional inho- 
mogeneous Maxwell equations are recovered. In the axion-dilaton background 
(6), however, the terms containing the gradients of e and 0 are associated with 
apparent Lorentz violation: since the gradients can be treated as effectively non- 
dynamical and constant on small cosmological scales, they select a preferred 
direction in the local inertial frame. As a result, symmetry under boosts and 
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rotations of electromagnetic fields is broken. Note that this type of Lorentz vio- 
lation is not a feature of the particular coordinate system chosen. If a gradient is 
is nonzero in one local inertial frame associated with a small spacetime region, 
it is nonzero in all local inertial frames associated with the region in question. 

By contrast, such a Lorentz-symmetry breakdown is absent in conventional 
FRW cosmologies that fail to contain spacetime-dependent scalars. Although glo- 
bal Lorentz invariance is usually violated, local Lorentz-symmetric inertial fra- 
mes always exist. It is also important to note that the above source for Lorentz- 
violating effects is not a unique feature of our supergravity cosmology. Equation 
(8) illustrates that any smooth spacetime dependence of the couplings e and 0 on 
cosmological scales leads to such effects. It is theoretically attractive to associate 
varying couplings with quantum scalar fields acquiring spacetime-dependent ex- 
pectation values. However, from the perspective of Lorentz violation, classical 
scalars can be employed equally well. In fact, the variation of the coupling need 
not necessarily be driven by dynamical fields at all. This suggests that the above 
type of Lorentz breaking is a common feature of any model with spacetime- 
varying couplings. 

Next, we study how the effects of this mechanism fit into the framework of 
the SME and how our supergravity model helps to resolve conceptual issues in 
quantum field theories incorporating Lorentz breaking. This is best illustrated 
by considering the ^-angle term. An integration by parts yields an equivalent 
form of the electrodynamics lagrangian (7) in a local inertial frame: 

4m = (9) 

The the last term on right-hand side of Eq. (9) gives a Chern-Simons-type con- 
tribution to the action. Such a term is contained in the minimal SME, and we 
can identify (A:af)/x = . The presence of a nonzero {kAF)ix in Eq. (9) 

demonstrates explicitly Lorentz and CPT breaking at the lagrangian level. 

The case of constant e and has been discussed extensively in the 

literature [40, 3, 4, 74, 95]. Then, lagrangian (9) becomes translationally invariant 
resulting in an associated conserved energy that fails to be positive definite. 
This usually leads to instabilities in the theory, and the question arises how this 
problem is avoided in the present context of our positive-definite supergravity 
model. ^ 

Although in most models a Chern-Simons-type term is assumed to arise in a 
fundamental theory, {kAp)^ is typically treated as constant and nondynamical 
at low energies. In our supergravity cosmology, however, {kAF)fi is associated 
with the dynamical scalars A and B. Excitations of therefore result in per- 
turbations SA and SB in the axion-dilaton background (6). As a consequence, 
the energy- momentum tensor of the background acquires an additional 

^ The conserved symmetric energy-momentum tensor for the lagrangian (3) acquires 
no contribution from the N term because the latter is independent of . The other 
terms contributing to the energy density are positive definite. 
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contribution, -> + S{T^Y^. One can show [1] that the contribu- 

tion S{T^)^^ does indeed compensate for the negative energies associated with 
a nonzero {kAF)ii’ 

5 Threshold Analyses 

Within the SME, it is straightforward to verify that Lorentz violation typi- 
cally modifies one-particle dispersion relations [40, 2, 3, 5]. This feature permits 
the prediction of possible experimental signatures for Lorentz-symmetry break- 
down based purely on kinematical arguments. For instance, primary ultrahigh- 
energy cosmic rays (UHECR) at energies up to eight orders of magnitude below 
the Planck scale have been observed. At such energies, Lorentz-violating effects 
might be pronounced relative to the ones in low-energy experiments. This leads 
to potentially observable threshold modifications for particle reactions, an idea 
that has been adopted in many recent studies of Lorentz-symmetry breakdown 
[48, 96, 97, 98, 99]. However, it is known [52] that some threshold analyses em- 
ploy phenomenologically constructed dispersion relations that violate physics 
principles more fundamental than Lorentz symmetry. 

In this section, we investigate how some of the arbitrariness in the con- 
struction of dispersion-relation modifications can be removed. Our study relies 
on the principle of coordinate invariance and on the condition of compatibility 
with an effective dynamical framework like the SME. These two features appear 
fundamental enough for being physical requirements, while maintaining relative 
independence of the details of the Planck-scale theory. We also discuss causality 
and positivity, features that further add to the viability of threshold analyses. 
Throughout we assume exact conservation of energy and momentum. 

Coordinate-independent dispersion relations. As argued in Sec. 2, co- 
ordinate independence is essential in physics, despite the presence of Lorentz 
violation. In the published literature, the usual ansatz for modified dispersion 
relations is of the following form: 

- P ^ p) , (10) 

where m is the usual mass parameter and p) the 4-momentum. The 

function Sf{E^ p) controls the extent of the Lorentz violation. Coordinate inde- 
pendence requires (5/ to be a scalar, so that 

n indices 

<5/(^,p) = ^ - PaPi3 ••• . (11) 



Here, denotes a constant tensor of rank n representing the Lorentz- 

breaking background. The tensor indices a, /3, ... are distinct but each one is 
contracted with a 4-momentum factor. This ensures that all terms in the sum 
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are observer Lorentz invariant. Under mild assumptions, Eq. (11) determines the 
most general Lorentz-violating dispersion relation compatible with coordinate 
independence. 

The implications of the general coordinate-independent ansatz (11) can be 
illustrated when the common assumption of rotation invariance in certain frames 
is made. In this case, the form the Lorentz-violating tensor parameters is 
constrained by the imposed rotational symmetry. As a consequence, the correc- 
tion 6f fails to contain odd powers of the 3-momentum magnitude |p| [52]. This 
result is to be contrasted with the common occurrence of |pp corrections in mo- 
dified dispersion relations constructed by hand without reference to principles 
essential in physics. 

Note that a correction ~ ^|pp is consistent with coordinate independence. 
Then, the question arises as to whether the usual ultrarelativistic relation 
E IpI can introduce an effective |pp modification. Although such a repla- 
cement may yield excellent approximations for the eigenenergies, it gives in- 
correct results in threshold analyses. This is intuitively reasonable because this 
replacement reintroduces the conventional degeneracy of the eigenenergies. An 
explicit example for the failure of the ultrarelativistic approximation is provided 
by photon decay into an electron-positron pair: 

7 ^ + e“. (12) 

This process is kinematically forbidden in conventional physics. In the pre- 
sent Lorentz-violating context, the decay (12) is allowed when the coordinate- 
independent correction ~ E'|pp for photon, electron, and positron is used. Ho- 
wever, when the correction term is approximated by |pp, the process ceases to 
be kinematically permitted. 

Underlying dynamical framework. The need for underlying dynamics 
can be illustrated with the following example. Consider the rotationally symme- 
tric modified dispersion relation 

= IpI®- (13) 

Note that odd powers of |p| are absent compatible with coordinate independence. 
After the usual reinterpretation of the negative-energy solutions, the particle and 
antiparticle energies are given by 

E±\p) = \j (-1)“^ +P^ > (14) 

where a = 1,2 labels the two possible particle (antiparticle) energies, which 
perhaps correspond to different spin- type states. An analysis of the photon de- 
cay (12) employing these eigenenergies reveals that six kinematically distinct 
decays have to be considered. Note, however, that angular-momentum conserva- 
tion associated with the enforced rotational invariance may preclude some of the 
six reactions. A proper study of this case therefore requires dynamical concepts. 



190 Ralf Lehnert 



Causality and positivity. Causality and energy positivity are fundamental 
requirements in physics. However, one or both of these requirements can be 
violated in the presence of Lorentz violation [5]. From a conservative viewpoint, it 
is therefore natural to ask whether reaction-threshold kinematics is significantly 
affected when positivity and causality are imposed. Let M and m denote the 
scales of the fundamental theory and current low-energy physics, respectively. 
Then, the scale ps-c for the occurrence of spacelike momenta (and thus negative 
energies in certain frames) or causality problems can be as low as [5] 

Ps-c ~ 0{VmM ) . (15) 

For example, if m is the proton mass and M is taken to be the Planck scale, 
then Ps-c ~ 3 X 10^^ eV. UHECRs with a spectrum extending beyond 10^° eV 
are often employed to bound Lorentz breaking or to suggest evidence for Lorentz 
violation. Thus, imposing causality and positivity could require modifications in 
threshold analyses. 

As a specific example, consider the decay 

7 ^ + 7, (16) 

which is kinematically forbidden in conventional physics. The usual dispersion- 
relation modifications in the literature permitting this process are associated 
with causality or positivity violations: take the photon energy E to be given 
by jF = (p^ -h where Sf{p) excludes a mass term ^ and depends 

only on the photon 3-momentum p. Then, the point {E^ p) = (0, 0) on the 
momentum-space lightcone must satisfy the modified dispersion relation. For 
some 3-momenta p 7 ^ 0, a nontrivial correction Sf{p) forces E{p) to curve to the 
outside or inside of the lightcone leading to spacelike 4-momenta or superluminal 
group velocities, respectively. If, however, the photon dispersion relation is taken 
to be the conventional one, spacelike pions are required for the decay to occur. ^ 



6 Conclusion 

Although Lorentz and CPT invariance are deeply ingrained in the currently 
accepted laws of physics, there are a variety of candidate underlying theories 
admitting the violation of these symmetries. The ultrahigh sensitivity of many 
Lorentz and CPT tests therefore permits the experimental search for Planck- 
scale physics. 

Spacetime-dependent couplings are one potential source for apparent Lorentz 
and CPT violation: the gradient of such couplings in the equations of motion 

^ A mass term would yield a Lorentz-invariant (but gauge-symmetry violating) con- 
tribution, which is not of interest in the present context. 

^ The allowed phase space for the decay products in the case of a lightlike pion 4- 
momentum is a set of measure zero leading at best to a suppressed rate for the 
reaction. 
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selects a preferred spacetime direction in the effective vacuum. We have argued 
that variations of couplings are natural in a cosmological context of candidate 
fundamental theories. 

The first-order Lorentz- violating effects resulting from varying couplings and 
other mechanisms for Lorentz-symmetry breakdown are described by the SME. 
At the level of effective quantum field theory, the SME is the most general 
dynamical framework for Lorentz and CPT violation that is compatible with 
the fundamental principle of coordinate independence. 

Threshold analyses with modified dispersion relations are conceptually clean 
Lorentz tests and are best performed within the SME. Many purely kinematical 
threshold considerations in the literature are insufficient for bounding Lorentz 
breaking becuase they violate coordinate independence or other fundamental 
principles. 



Acknowledgments 

The author wishes to thank H.V. Klapdor-Kleingrothaus for the invitation to 
the Beyond ’03 Meeting. This work was supported in part by the Centro Multi- 
disciplinar de Astroffsica (CENTRA). 



References 

1. V.A. Kostelecky, R. Lehnert, M.J. Perry: astro-ph/02 12003 

2. D. Colladay, V.A. Kostelecky: Phys. Rev. D 55, 6760 (1997) 

3. D. Colladay, V.A. Kostelecky: Phys. Rev. D 58, 116002 (1998) 

4. R. Jackiw, V.A. Kostelecky: Phys. Rev. Lett. 82, 3572 (1999) 

5. V.A. Kostelecky, R. Lehnert: Phys. Rev. D 63, 065008 (2001) 

6. V.A. Kostelecky, C.D. Lane, A.G.M. Pickering: Phys. Rev. D 65, 056006 (2002) 

7. KTeV Collaboration, H. Nguyen: ‘CPT Results from KTeV’. In: CPT and Lorentz 
Symmetry //, ed. by V.A. Kostelecky (World Scientific, Singapore, 2002) 

8. OPAL Collaboration, R. Ackerstaff et aL: Z. Phys. C 76, 401 (1997) 

9. DELPHI Collaboration, M. Feindt et al: preprint DELPHI 97-98 CONE 80 (1997) 

10. BELLE Collaboration, K. Abe et al: Phys. Rev. Lett. 86, 3228 (2001) 

11. FOCUS Collaboration, J.M. Link et al.: Phys. Lett. B 556, 7 (2003) 

12. D. Colladay, V.A. Kostelecky: Phys. Lett. B 344, 259 (1995) 

13. D. Colladay, V.A. Kostelecky: Phys. Rev. D 52, 6224 (1995) 

14. D. Colladay, V.A. Kostelecky: Phys. Lett. B 511, 209 (2001) 

15. V.A. Kostelecky, R. Van Kooten: Phys. Rev. D 54, 5585 (1996) 

16. O. Bertolami, D. Colladay, V.A. Kostelecky, R. Potting: Phys. Lett. B 395, 178 
(1997) 

17. V.A. Kostelecky: Phys. Rev. Lett. 80, 1818 (1998) 

18. V.A. Kostelecky: Phys. Rev. D 61, 016002 (2000) 

19. V.A. Kostelecky: Phys. Rev. D 64, 076001 (2001) 

20. N. Isgur et al.: Phys. Lett. B 515, 333 (2001) 



192 Ralf Lehnert 



21. L.R. Hunter et al: ‘Limits on Local Lorentz Invariance from Hg and Cs Magneto- 
meters’. In: CPT and Lorentz Symmetry^ ed. by V.A. Kostelecky (World Scientific, 
Singapore, 1999) 

22. D. Bear et al: Phys. Rev. Lett. 85, 5038 (2000) 

23. M.A. Humphrey et al: Phys. Rev. A 62, 063405 (2000) 

24. V.A. Kostelecky, C.D. Lane: Phys. Rev. D 60, 116010 (1999) 

25. V.A. Kostelecky, C.D. Lane: J. Math. Phys. 40, 6245 (1999) 

26. R. Bluhm et al: Phys. Rev. Lett. 88, 090801 (2002) 

27. R. Bluhm et al: hep-ph/0306190 

28. D. Sudarsky, L. Urrutia, H. Vucetich: Phys. Rev. Lett. 89, 231301 (2002) 

29. D.F. Phillips et al: Phys. Rev. D 63, 111101 (2001) 

30. R. Bluhm et al: Phys. Rev. Lett. 82, 2254 (1999) 

31. H. Dehmelt et al: Phys. Rev. Lett. 83, 4694 (1999) 

32. R. Mittleman et al: Phys. Rev. Lett. 83, 2116 (1999) 

33. G. Gabrielse et al: Phys. Rev. Lett. 82, 3198 (1999) 

34. R. Bluhm et al: Phys. Rev. Lett. 79, 1432 (1997) 

35. R. Bluhm et al: Phys. Rev. D 57, 3932 (1998) 

36. R. Bluhm, V.A. Kostelecky: Phys. Rev. Lett. 84, 1381 (2000) 

37. B. Heckel: ‘Testing CPT and Lorentz Symmetry with a Spin-Polarized Torsion 
Pendulum’. In: CPT and Lorentz Symmetry //, ed. by V.A. Kostelecky (World 
Scientific, Singapore, 2002) 

38. E.O. Iltan: hep-ph/0308151 

39. E.O. Iltan: hep-ph/0309154 

40. S. Carroll, G. Field, R. Jackiw: Phys. Rev. D 41, 1231 (1990) 

41. V.A. Kostelecky, M. Mewes: Phys. Rev. Lett. 87, 251304 (2001) 

42. V.A. Kostelecky, M. Mewes: Phys. Rev. D 66, 056005 (2002) 

43. H. Muller et al: Phys. Rev. D 67, 056006 (2003) 

44. J.A. Lipa et al: Phys. Rev. Lett. 90, 060403 (2003) 

45. V.W. Hughes et al: Phys. Rev. Lett. 87, 111804 (2001) 

46. R. Bluhm et al: Phys. Rev. Lett. 84, 1098 (2000) 

47. E.O. Iltan: JHEP 0306, 016 (2003). 

48. S. Coleman, S.L. Glashow: Phys. Rev. D 59, 116008 (1999) 

49. V. Barger, S. Pakvasa, T. Weiler, K. Whisnant: Phys. Rev. Lett. 85, 5055 (2000) 

50. V.A. Kostelecky, M. Mewes: hep-ph/0308300 

51. V.A. Kostelecky, M. Mewes: hep-ph/0309025 

52. R. Lehnert: Phys. Rev. D (in press), gr-qc/0304013 

53. G. Barenboim et al: JHEP 0210, 001 (2002) 

54. G. Barenboim, J. Lykken: Phys. Lett. B 554, 73 (2003) 

55. O.W. Greenberg: Phys. Rev. Lett. 89, 231602 (2002) 

56. O.W. Greenberg: Phys. Lett. B 567, 179 (2003) 

57. G. Amelino-Camelia: Phys. Lett. B 510, 255 (2001) 

58. J. Magueijo, L. Smolin: Phys. Rev. Lett. 88, 190403 (2002) 

59. J. Lukierski, A. Nowicki: Int. J. Mod. Phys. A 18, 7 (2003) 

60. J. Rembielinski, K.A. Smolinski: Bull. Soc. Sci. Lett. Lodz 53, 57 (2003) 

61. D.V. Ahluwalia: gr-qc/0212128 

62. D. Grumiller, W. Kummer, D.V. Vassilevich: Ukr. J. Phys. 48, 329 (2003) 

63. R. Schiitzhold, W.G. Unruh: gr-qc/0308049 

64. V.A. Kostelecky, S. Samuel: Phys. Rev. D 39, 683 (1989) 

65. V.A. Kostelecky, S. Samuel: Phys. Rev. D 40, 1886 (1989) 

66. V.A. Kostelecky, S. Samuel: Phys. Rev. Lett. 63, 224 (1989) 



The Lorentz-Violating Standard-Model Extension 



193 



67. V.A. Kostelecky, S. Samuel: Phys. Rev. Lett. 66, 1811 (1991) 

68. V.A. Kostelecky, R. Potting: Nucl. Phys. B 359, 545 (1991) 

69. V.A. Kostelecky, R. Potting: Phys. Lett. B 381 , 89 (1996) 

70. V.A. Kostelecky, M. Perry, R. Potting: Phys. Rev. Lett. 84, 4541 (2000) 

71. V.A. Kostelecky, R. Potting: Phys. Rev. D 63, 046007 (2001) 

72. N.E. Mavromatos: these proceedings 

73. D. Sudarsky, L. Urrutia, H. Vucetich: gr-qc/0211101 

74. F.R. Klinkhamer: Nucl. Phys. B 578, 277 (2000) 

75. J. Alfaro, H.A. Morales-Tecotl, L.F. Urrutia: Phys. Rev. Lett. 84, 2318 (2000) 

76. J. Alfaro, H.A. Morales-Tecotl, L.F. Urrutia: Phys. Rev. D 65, 103509 (2002) 

77. S.M. Carroll et aL: Phys. Rev. Lett. 87 , 141601 (2001) 

78. Z. Guralnik et aL: Phys. Lett. B 517, 450 (2001) 

79. A. Anisimov et aL: hep-ph/0106356 

80. C.E. Carlson et aL: Phys. Lett. B 518, 201 (2001) 

81. O. Bertolami et aL: in preparation 

82. M.S. Berger and V.A. Kostelecky: Phys. Rev. D 65, 091701 (R) (2002) 

83. H. Belich et aL: hep-th/0304166 

84. M.S. Berger: hep-th/0308036 

85. E. Cremmer, B. Julia: Nucl. Phys. B 159, 141 (1979) 

86. A. Das, M. Fischler, M. Rocek: Phys. Rev. D 16 , 3427 (1977) 

87. S.J. Perlmutter et aL, [Supernova Cosmology Project Collaboration]: Nature 391, 
51 (1998) 

88. A.G. Riess et aL, [Supernova Search Team Collaboration]: Astron. J. 116 , 1009 
(1998) 

89. P.M. Garnavich et aL: Astrophys. J. 509, 74 (1998) 

90. R. Lehnert: hep-th/0308208 

91. J.K. Webb et aL: Phys. Rev. Lett. 87, 091301 (2001) and references therein 

92. T. Damour, F. Dyson: Nucl. Phys. B 480, 37 (1996) 

93. Y. Fuji! et aL: Nucl. Phys. B 573 , 377 (2000) 

94. K. Olive et aL: hep-ph/0205269 

95. C. Adam, F.R. Klinkhamer: Nucl. Phys. B 607 , 247 (2001) 

96. O. Bertolami, C.S. Carvalho: Phys. Rev. D 61 , 103002 (2000) 

97. T. Jacobson, S. Liberati, D. Mattingly: Phys. Rev. D 66, 081302 (2002) 

98. T.J. Konopka, S.A. Major: New J. Phys. 4, 57 (2002) 

99. F.W. Stecker: astro-ph/0308214 



A Time Variation of the QCD Scale 



Harald Fritzsch 

Ludwig-Maximilians-University Munich, Sektion Physik, Theresienstrafie 37, 
D-80333 Miinchen, Germany 



Abstract. Astrophysical indications that the fine structure constant has undergone a 
small time variation during the cosmological evolution are discussed within the frame- 
work of the standard model of the electroweak and strong interactions and of grand 
unification. A variation of the electromagnetic coupling constant could either be ge- 
nerated by a corresponding time variation of the unified coupling constant or by a 
time variation of the unification scale, of by both. The various possibilities, differing 
substantially in their implications for the variation of low energy physics parameters 
like the nuclear mass scale, are discussed. The case in which the variation is caused by 
a time variation of the unification scale is of special interest. 



The Standard Model of the electroweak and strong interactions has at least 18 
parameters, which have to be adjusted in accordance with experimental obser- 
vations. These include the three electroweak coupling strengths Q 2 gs, the 
scale of the electroweak symmetry breaking, given by the universal Fermi con- 
stant, the 9 Yukawa couplings of the six quarks and the three charged leptons, 
and the four electroweak mixing parameters. One parameter, the mass of the 
hypothetical scalar boson, is still undetermined. For the physics of stable mat- 
ter, i.e. atomic physics, solid state physics and a large part of nuclear physics, 
only six constants are of importance: the mass of the electron, setting the scale 
of the Rydberg constant, the masses of the u and d-quarks setting the scale of 
the breaking of isotopic spin, and the strong interaction coupling constant 
The latter, often parametrized by the QCD scale parameter A, sets the scale 
for the nucleon mass. The mass of the strange quark can also be included since 
the mass term of the 5-quarks is expected to contribute to the nucleon mass, 
although the exact amount of strangeness contribution to the nucleon mass is 
still being discussed - it can range from several tenth of MeV till more than 100 
MeV. As far as macro-physical aspects are concerned, Newton’s constant must 
be added, which sets the scale for the Planck units of energy, space and time. 

Since within the Standard Model the number of free parameters cannot be 
reduced, and thus far theoretical speculations about theories beyond the model 
have not led to a well-defined framework, in view of lack of guidance by ex- 
periment, one may consider the possibility that these parameters are time and 
possibly also space variant on a cosmological scale. Speculations about a time- 
change of coupling constants have a long history, starting with early speculations 
about a cosmological time change of Newton’s constant G [1, 2, 3, 4]. Since in 
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particular the masses of the fermions as well as the electroweak mass scale are 
related to the vacuum expectation values of a scalar field, time changes of these 
parameters are conceivable. In some theories beyond the Standard Model also 
the gauge coupling constants are related to expectation values of scalar fields 
which could be time dependent [5]. 

Recent observations in astrophysics concerning the atomic fine-structure of 
elements in distant objects suggest a time change of the fine structure constant 

[6] . The data suggest that a was lower in the past, at a redshift of z ^ 0.5 . . . 3.5: 

Aa/a = (-0.72 ± 0.18) x 10“^ (1) 

If OL is indeed time dependent, the other two gauge coupling constants of the 
Standard Model are also expected to depend on time, as pointed out recently 

[7] (see also [11], [12]), if the Standard Model is embedded into a grand unified 
theory. Moreover the idea of a grand unification of the coupling constants leads 
to a relation between the time variation of the electromagnetic coupling con- 
stant and the QCD scale parameter yl, implying a physical time variation of the 
nucleon mass, when measured in units given by an energy scale independent of 
QCD, like the electron mass or the Planck mass. The main assumption is that the 
physics responsible for a cosmic time evolution of the coupling constants takes 
place at energies above the unification scale. This allows to use the usual relati- 
ons from grand unified theories to evolve the unified coupling constant down to 
low energy. 

Considering the six basic parameters mentioned above plus Newton’s con- 
stant G, one can in general consider seven relative time changes: G/G, d/a, 
yl/yl, rhe/'^e? and mg/mg. Thus in principle seven different 

functions of time do enter the discussion. However not all of them can be measu- 
red. Only dimensionless ratios e.g. the ratio Tl/mg or the fine-structure constant 
could be considered as reasonable candidates for a time variation. 

The time derivative of the ratio H/me describes a possible time change of 
the atomic scale in comparison to the nuclear scale. In the absence of quark 
masses there is only one mass scale in QCD, unlike in atomic physics, where 
the two parameters a and rUg enter. The parameter a is directly measurable by 
comparing the energy differences describing the atomic fine structure (of order 
rrieC^OL^) to the Rydberg energy hcR^ = rrieC^Oi^ 1 2 13.606 eV. 

Both astrophysics experiments as well as high precision experiments in ato- 
mic physics in the laboratory could in the future give indications about a time 
variation of three dimensionless quantities: a, Mp/mg and (M^ — Mp)/mg. The 
time variation of a reported in [6] implies, assuming a simple linear extrapo- 
lation, a relative rate of change per year of about 1.0 x 10“ ^^/yr. This poses 
a problem with respect to the limit given by an analysis of the remains of the 
naturally occurring nuclear reactor at Oklo in Gabon (Africa), which was active 
close to 2 billion years ago. One finds a limit of d/a = (—0.2 ±0.8) x 10“^^/yr. 
This limit was derived in [13] under the assumption that other parameters, es- 
pecially those related to the nuclear physics, did not change during the last 2 
billion years. It was recently pointed out [7, 14], that this limit must be recon- 
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sidered if a time change of nuclear physics parameters is taken into account. In 
particular it could be that the effects of a time change of a are compensated 
by a time change of the nuclear scale parameter. For this reason we study in 
this paper several scenarios for time changes of the QCD scale, depending on 
different assumptions about the primary origin of the time variation. 

Without a specific theoretical framework for the physics beyond the Standard 
Model the relative time changes of the three dimensionless numbers mentioned 
above are unrelated. We shall incorporate the idea of grand unification and 
assume for simplicity the simplest model of this kind, consistent with present 
observations, the minimal extension of the supersymmetric version of the Stan- 
dard Model (MSSM), based on the gauge group SU(5). In this model the three 
coupling constants of the Standard Model converge at high energies at the scale 
Aq. In particular the QCD scale A and the fine structure constant a are related 
to each other. In the model there are besides the electron mass and the quark 
masses three further scales entering, the scale for the breaking of the electro- 
weak symmetry A^^ the scale of the onset of supersymmetry Ag and the scale 
Ag where the grand unification sets in. 

According to the renormalization group equations, considered here in lowest 
order, the behaviour of the coupling constants changes according to 



0{As - n), 



I + 1 

anAs)^2n^ 






( 2 ) 



where the parameters 6j are given by bf^= {bf^, b§^ , b§^) = (41/10, —19/6, —7) 
below the supersymmetric scale and by bf= (6f,6f,6f) = (33/5, 1, —3) when 
Af = 1 supersymmetry is restored, and where 



a°{As) a<i{Mz)^2n^ Us/ 

where Mz is the Z-boson mass and a^{Mz) is the value of the coupling constant 
under consideration measured at M^. We use the following definitions for the 
coupling constants: 

Oil = 5/35?/(47r) = 5a/(3cos^(6»)j^) (4) 

«2 = 91/{Ak) = a/sin^(6')j^ 

= ff|/(47r). 



Assuming au — ocu{t) and Aq = Acit)^ one finds: 



1 di _ 


1 d„ 6f Ag 


OL>i OLi 





( 5 ) 



which leads to 
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Id ^ 8^^ _ _L ^ 

a a 3 as Q^s 27 t \ 3 3 / Ac 



( 6 ) 



We shall consider the following scenarios: 

1) Ag invariant, = o^u{t)- This is the case considered in [7] (see also [12]), 
and one finds 



la 8 1 as 

a a 3 Q^s 



and 



A 3 27t 1 a ^ a 

A 8 ^ a a a 



2) au invariant, Aq = Acit). One finds 



1 a 
a a 




Ag^ 



( 7 ) 

(8) 
( 9 ) 



with 



Ag = As 




27 t 1 y 




( 10 ) 



which follows from the extraction of the Landau pole using (2). One obtains 



A b§ —2 tt 

A^~^ [bl + |6f 



1 a 
a a 



-30.8 



a 

a 



( 11 ) 



The case in which the time variation of a is not related to a time variation of the 
unified coupling constant, but rather to a time variation of the unification scale, 
is of particular interest. Unified theories, in which the Standard Model arises as 
a low energy approximation, might well provide a numerical value for the unified 
coupling constant, but allow for a smooth time variation of the unification scale, 
related in specific models to vacuum expectation values of scalar fields. Since 
the universe expands, one might expect a decrease of the unification scale due 
to a dilution of the scalar field. A lowering of Ag implies according to (9) 



a 

a 






Ag 



-0.014 



Ag' 



( 12 ) 



If Ag! Aq is negative, d/a increases in time, consistent with the experimental 
observation. Taking Aaja = —0.72 x 10~®, we would conclude AAgIAq = 
5.1 X 10“^, i.e. the scale of grand unification about 8 billion years ago was about 
8.3 X 10^^ GeV higher than today. If the rate of change is extrapolated linearly, 
Ag is decreasing at a rate ^ = —7 x 10~^'^/yr. If this is indeed the case, it 
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would imply that proton decay is faster in the distant future. According to (11) 
the relative changes of A and a are opposite in sign. While a is increasing with a 
rate of 1.0 x 10“ ^^/yr, A and the nucleon mass is decreasing, e.g. with a rate of 
1.9 X 10“^^/yr. The magnetic moments of the proton jUp as well of nuclei would 
increase according to 

^ = 30.8- w 3.1 X 10“^^/yr. (13) 

fMp OL 

The effect could be seen by monitoring the ratio fi = Mplm^. This remains to 
be done in the future. 

The fact that we find opposite signs for the time changes of ol and A in a 
particular case is interesting with request to the limit on the time change of ol 
deduced from the Oklo reactor. The Oklo constraint comes from the fact that the 
neutron capture cross section for thermal neutrons of Samarium 149 is dominated 
by a nuclear resonance which happens to be just above the threshold. According 
to the analysis given in ref. [13] the position of the resonance could not have 
changed much during the last 2 billion years. This gives the strong constraint 
for the time change of ol. Due to the Coulomb repulsion in the nucleus a change 
of a would change the position of the resonance. 

However a change of ag would have an additional effect. In fact, if the signs 
for the time changes for a and ag are different, a cancellation or at least a partial 
cancellation of the effect can occur. Thus the constraint from the Oklo reactor 
should not be taken seriously. A more detailed investigation of the situation 
should be carried out in the future. 

The time variation of the ratio Mp/mg and a discussed here are such that 
they could be discovered by precise measurements in quantum optics. The wave 
length of the light emitted in hyperfine transitions, e.g. the ones used in the 
cesium clocks being proportional to a^mg/A will vary in time like 



^ = 4- - 4 « 3.5 X 10-^Vyr (14) 

Xhf a A ^ ^ 

taking a/a ^ 1.0 x 10“^^/yr [6]. The wavelength of the light emitted in atomic 
transitions varies like a~^: 



^at 2 ^ 

^at ^ 

One has Xat/^at ~ —2.0 x 10“^^/yr. A comparison gives: 

Xhf /Xhf ^ 4d/g - A/ A ^ _u ^ 
Xat/Xat 2a /a 



(15) 



(16) 



At present the time unit second is defined as the duration of 6.192.631.770 cycles 
of microwave light emitted or absorbed by the hyperfine transmission of cesium- 
133 atoms. If A indeed changes, as described in (11), it would imply that the 



200 Harald Fritzsch 



time flow measured by the cesium clocks does not fully correspond to the time 
flow defined by atomic transitions. It remains to be seen whether the effects 
discussed in this paper can soon be observed in astrophysics or in quantum 
optics. A determination of the double ratio {A/ A) /{a/a) = R would be of crucial 
importance, both in sign and in magnitude. The numerical value of R would be 
of high interest towards a better theoretical understanding of time variation of 
the fundamental constants and unification. 
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Abstract. We discuss Grand Unified Theories (GUT) in higher dimensions with or- 
bifold compactification. Even within the the simplest 5-dimensional (5D) SU(5)set-up 
many attractive features appear, such as orbifold GUT symmetry breaking, natural 
doublet-triplet splitting and suppression of proton decay etc. We also discuss gauge 
coupling unification in N=1 supersymmetric 5D orbifold SU(5) model. We have found 
that uncertainties in the predictions of the model are large and essentially uncontrolla- 
ble. These uncertainties are related to the modification of the standard Kaluza-Klein 
mass spectrum induced by the kinetic terms localized at orbifold fixed points. 



1 5D Orbifold SU(5) GUT 

Construction of realistic GUTs in 4 dimensions (4D) faces certain difficulties in 
understanding some phenomenologically important issues such as proper brea- 
king of GUT gauge symmetry, doublet-triplet hierarchy, proton stability, correct 
relation between the masses of quarks and leptons, etc. Recently some of the 
problems of conventional 4D GUTs has been addressed in the context of higher- 
dimensional field theories with orbifold compactification [3-13]. All main feautu- 
res of higher- dimensional GUTs can be exposited within the simplest model of 
5D SU(5) GUT. 

We begin with a brief review of the orbifold compactification in the simplest 
case of a only one extra dimension. The 5D space-time is a direct product of 4D 
Minkowski space-time and an extra dimension compactified on the orbifold 
5^ 7^2, with coordinates where M = 0, 1, 2, 3, 5 {x^ = y). The jZ^ orbifold 
can be viewed as a circle of radius R with opposite points identified by action 
of Z 2 orbifold parity: Z^- y —y- The actual physical space therefore is the 
interval y G [0, ttR] with two orbifold fixed points at y = 0 and y = nR. Under 
the Z 2 symmetry, a generic 5D bulk field (j){x^^y) (/i = 0, 1,2,3) has a definite 
transformation property 

-y) = P4>{x^, y), (i) 

where the eigenvalues of P must be ±1. Generally the field 0(x^,y) also can 
have C/(l)-twisted transformation under the periodic translation along the fifth 
coordinate: y — > y + 27rR: 



(f){x^^,y + 2nR) = U4>{x>^,y), 



( 2 ) 
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Table 1. The particle content (bulk fields) of the orbifold SU(5) GUT, their trans- 
formation properties under the orbifold symmetries and KK masses according to the 
standard decomposition. 



iP, u. ) 


Gauge and Higgs fields 


Bulk matter fields 


KK masses 


(+,+) 


Hd, Hd 


Wu,E, 10^, 5d, 5'l 


n 

R 


(+? ~) 


Ht, Ht 


IOq, 5l, 5n 


n+i 

R 


(-,+) 


TTC TT^ 

, JPLDy 


m,E, lO'S, 5n, 5 l 


n+1 

R 




TTC TT^ 

Zj ^ ilj' ^ rL qp 


10^, 5l, to 


n+i 

R 



where U,^ = exp(2i7TAc). In fact this is the well-known Hosotani-Scherk-Schwarz 
boundary condition. The case ^ is a discrete version of more general case 

(2). Denoting the field with = (zbl,zbl) by we obtain the follo- 
wing KK mode expansion: 0^+’+^ = (^) ’ 



-) 



E oo 

n =0 



(+,-) 

n +1 



{x ^) COS 



(n+l)y \ 
R ] 



= Er=o^/»;U(^")* 



V 



, where a = ttR. Upon compactifi- 



cation the 4D fields (KK modes) /^fi /n+i 

acquire masses , respectively. Note, that zero mode is 

contained only in 0^+’+^ field. This we will call standard KK decomposition. In 
the next Section we will argue that this decomposition is not valid in general. 

Now let us describe the simplest N=1 supersymmetric SU(5) model in 5D. 
In the 5D bulk we have SU(5) gauge supermultiplet, transforming as an adjoint 
representation ~ 24 {A = 1, ..., 24) and two Higgs hypermultiplets 1~L and R 
that transform as 5 and 5, respectively. The 5D gauge supermultiplet contains 
a vector boson two gauginos, and A^, and a real scalar cr"^, which 

can be decomposed into a vector supermultiplet = (A^,A^), and a chiral 
supermultiplet = {{cr^ iA^)/y/2, A;^) under 4D N=1 supersymmetry. The 

hypermultiplet R contains two complex scalars, h and and two Weyl fermions, 
and They can be combined into two 4D N=1 chiral supermultiplets H = 
(/i,'0) and == (/i*^,?/^^), which transform as 5 and 5 under the SU(5) gauge 
group (similarly for R). 

The 5D SU(5) symmetry is broken down to the to the SU(3)(g)SU(2)(8)U(l) 
Standard Model group by orbifold boundary conditions. This can be achieved 
in different ways. We will assume that the gauge symmetry breaking occurs 
because of non-trivial periodic boundary conditions. Namely, we choose: Ui = 
( — 1, — 1, — 1, +1, +1) and P = (-hi, +1, +1, +1, -hi), where Ui and P act on 
the fundamental representation of SU(5). At the same time we have to assign 
opposite Z 2 orbifold parities to the 4D N=2 partners of the bulk fields, in order to 



Unification in Higher Dimensions 



203 



keep only N=1 supersymmetry in 4D effective theory. The orbifold symmetries 
for all components of the vector and Higgs multiplets are shown in Table 1. 
Here, we split SU(5) index A = a, a into the indices, a and a, which correspond 
to the unbroken and broken SU(5) generators, respectively. The subscripts T and 
D denote colour triplet and weak doublet components of the Higgs multiplets, 
respectively. Since only (+, +) fields have zero modes, the massless sector of 
the model consists of SU(3)(8)SU(2)0U(1) N =1 vector multiplet Vq and Higgs 
doublet and anti-doublet chiral superfields Hr> and colour triplet chiral 
superfields Hr and Ht, are massive, thus realizing doublet-triplet splitting in a 
simple geometric way. This also means that Higgsino mediated proton decay is 
absent in the model. Non-zero modes of at each KK level n eat corresponding 

becoming massive and similarly for the X-Y vector multiplets and 
Note also that locally at y = 0 fixed point SU(5) symmetry is exact, while it is 
broken on the y = ttR fixed point. Thus the two fixed points are not equivalent. 

Each generation of matter fields, are placed into hypermultiplets which trans- 
form, as usually, as 5 and 10 representations of SU(5). There are different ways 
how to put matter fields in the bulk. They can be localized on one of the fixed 
points. In order to preserve the successful SU(5) b-r unification it is desirable to 
have third generation matter on the SU(5)-preserving fixed point at y = 0. On 
the other hand, one can place matter fields in the bulk as well. An important 
point is that, in such a case one has to double the representation 5-f- 10 by intro- 
ducing 5 H- 10 ' [3]. One can see from Table 1, that zero- mode matter fields, i.e. 
ordinary quarks and leptons (subscripts Q, L, t/, £) and E denote quark doublet, 
lepton doublet, up- antiquark, down- antiquark and positron components of the 
corresponding SU(5) representations, respectively), come now from different re- 
presentations. This means that X-Y gauge boson can not be responsible for the 
proton decay in case of all three generations being in the bulk. The proton decay 
will be significantly suppressed if only light generations (or part of them) are 
residing in the bulk, while third generation is localized on SU(5)-symmetric fixed 
point [4, 5]. 

The model described above is indeed very attractive. One can see, that most 
of the difficulties of the ordinary 4D SU(5) GUT can be resolved in a very 
simple way. It remains to see whether one can have in the above picture reliable 
predictions. But before discussing gauge coupling unification in the above model 
we would like to come back to the question of KK mode decomposition in orbifold 
field theories. 



2 KK Decomposition in 5D 
With Orbifold Compactification 



In orbifold field theories one is generally allowed to add to the 5D bulk Lagran- 
gian £5 Lagrangians Cq and localized at ^ = 0 and y = a 4D subspaces. So 
the total Lagrangian is: 
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— £5 + 5{y)C{) + 5{y — a)Cj^. (3) 

Co and C^^ could contain various operators which respect the symmetries on the 
fixed points but not in the full 5D bulk. In certain cases of interest, however, 
they might be avoided by some symmetries (supersymmetry). In realistic models 
this is not the case for the kinetic terms. Indeed, the localized kinetic terms for 
certain 5 D bulk fields inevitably appear (unless one is considering phenomeno- 
logically unacceptable theory with conformal invariance) as a result of radiative 
corrections. Basically, they can be calculated only within a more general theory 
which substitutes the low energy effective orbifold theory at some ultraviolet 
scale A. Thus, the free parameters of the local kinetic terms parametrize our 
ignorance of the fundamental UV physics. In turn, the local kinetic terms could 
significantly affect the entire phenomenology of the effective low energy orbifold 
theories. Namely the KK mode decomposition discussed in Section 2 is not va- 
lid anymore. To see this, let us consider the simple case of 5D massless scalar 
field where C^ = ^0 — Ct^ — ro and 

Tti- are new scale parameters associated with local kinetic terms at y = 0 and 
y — respectively. The parameters ro and/or are vanishing for the field ^ 
which vanishes at ^ = 0 and/or y = a fixed points. The behaviour of ^ at fixed 
points in turn is defined by the orbifold symmetries at hand. Performing the 
KK decomposition of ~oo < rrin < +oo, we 

can determine the KK wave functions /^^(^)and masses m^by solving the cor- 
responding equations of motion with the boundary conditions (I) and (2). Here 
we give some particular solutions for the fields with different orbifold symmetries 
relevant to our GUT model (see [7] for more details). 

Z 2 ~even, periodic field, , y) . 

Since the Z 2 -even field is nonvanishing at both boundaries, ro and are in ge- 
neral non-zero. Taking = 0 (periodic boundary condition), we obtain the fol- 

lowing solution: /„„(y) = + 2 imI-romg >0 > y < a. Then 

the KK mass quantization condition becomes: 

tan (m„a) = -m„ (ro + r^) / (2 - ror^m^/2) (4) 

and the normalization constants Am„ are: Aq = (4a + 2ro + 2 r 7 r)~^^^ for the 
massless zero mode {mo = 0 ) and Am^ = -h (^0 + ^ 7 ^) (l + ror 7 rm^/ 4 ) / 
(1 + rlm\lA) (1 + r^m^/4)] for non-zero modes {rrin ^ 0). The Eq. (4) 
for KK masses can be solved numerically. Here we consider some analytic 
approximations. If r-factors are small enough, ^ 1, KK mode decompo- 
sition is reduced to the standard one with KK masses m^ n — 0,1,... 

However, for large r-factors, > 1, KK modes substantially deviate from 
those discussed in the previous Section. As an extreme case consider ^ 1 
(ro ~ r^T = r, ^ = ^). Then KK modes at each level n > 2 once again approach 
their standard values ~ ^ ~ '^ ann ’ ^ ~ 2 , 3 ..., while the first excited mode 
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is extremely light: mi ~ appearance of the light 

mode in this limit is a peculiar property of the presence of two opaque bounda- 
ries. Nothing similar happens if one sets one of the two r-factors to zero. In the 
case of graviton (instead of the scalar field) with such sufficiently light mode one 
could have, e.g., an interesting new bigravity model. 

Z 2 ~even, anti-periodic field, ,y). 

In this case the field vanishes on the boundary y = a. Thus taking = 0 and 
K = ^ (anti-periodic boundary condition), we obtain the solution, /mniv) = 
Amr^ {e^^^y — ,0 < y < a, which is amended by the quantization 

condition 



cot (mnd) = romnl2. 

[a + ro/ (1 + rlm\l^\ 



( 5 ) 



The normalization constants are: + /4)J . Again, 

one can discuss analytically some limiting approximations. For small rg, ^ = 

^ ^ 1 we essentially reproduce the standard KK modes and their masses, ~ 

opposite limit of large ^ >> 1 gives KK masses substantially lighter 
2 j 



compared to the standard case: m. 
lighter first excited mode: m\ ^ 



- -h 
R ^ 



^ann 



< 



(^+i) 



R 



for n = 2,3 , ... and a 



2 J_ « J_ 
^ ttR 2i^• 



Z 2 -odd, anti-periodic field, ’ \x^,y). 



In this case the boundary at ^ = 0 is transparent for the KK modes. Thus 
taking rg = 0 and | we obtain: /m^(z/) = Am^ ^-imn(y- 2 a)^ ^ 

y < a. Mass quantization condition and normalization constants can be obtained 
changing rg by r^r in the corresponding formulas of the previous case. Thus in 
the case of equivalent fixed points (rg = r^^) KK masses of (+, — ) and (— , — ) 
modes are degenerate. 

Z 2 ~odd, periodic field, ^^~'^\x^,y), 

is unaffected by the presence of boundaries, since orbifold symmetries force the 
field to be vanishing at both boundaries. Hence the standard KK mode decom- 
position discussed in Section 2 remains unchanged in this case. 

Having determined the KK masses and wave functions from the free (lineari- 
zed) theory one can discuss now the interactions. The effective 4D couplings in 
general are determined through the rather complicated integrals of the product 
of wave functions /m^* The KK-number (i.e. the fifth component of the momen- 
tum) is violated in the interactions because of the breaking of the translational 
invariance along the extra dimension. However, in certain cases one can readily 
say something about interactions involving zero modes. Consider for instance 
Yang-Mills theory with the Lagrangian: 
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- \^5{y - (6) 

4 ^ 9{) ^ 9tt 

where = 8m A% - 8nA%j + is the gauge field strength, 

bulk gauge coupling and go and Qtt couplings for the localized terms. In this 

2 2 

case r-factors are given by ro = p- and = p-. Linearized equations for the 
wave functions fm^ (l^hey are real in this case) have exactly the same form (in 
the unitary gauge, = 0) as in the case of scalar field discussed above. The 
massless zero modes of gauge field assumed to be Z 2 -even and periodic) 
have the following self-interactions: 



9^ki — 



9b 






^kl = 94., 9mkl = 



9b 

ro _ 
2 



iTL 

2 



hi = 94 



(7) 



This is the familiar relation between 4D and 5D couplings except the fact that 
the ’’volume” of extra space, a, is replaced by the effective volume, a -h ro/2 + 
r-j^/2. Zero mode interacts universaly with KK modes and the KK-number is 
conserved in these interactions. The zero mode also universally interacts with 
bulk matter fields irrespective of the r-factors of the local kinetic terms of the 
matter fields (which might be different from those for the gauge field) and matter 
fields localized on the orbifold fixed points. Clearly, all these features are dictated 
by the gauge invariance. Note, however, that the above statement is not true for 
the KK modes of the gauge fields. For instance, fields localized on different fixed 
points would interact with the KK mode of the same gauge boson differently, 
if the fixed points are not equivalent. In the following Section we will discuss 
the effects of localized kinetic terms on the gauge coupling unification in the 
framework of 5D GUT model described in Section 1. 



3 Gauge Coupling Unification in SU(5) Orbifold GUT 

An important consistency check of any GUT model is its prediction for the stan- 
dard gauge couplings ai{Mz), 0 ^ 2 (M^), a^{Mz) at low energies, namely at Mz 
(Z-boson mass). They are related to the unified gauge coupling aGUTiMcur) = 
ai^Mcur) = ol 2 {Mgut) = o^s(Mgut) at the unification scale M^t/Tthrough the 
renormalization group equations. At two-loop level the minimal 4D supersym- 
metric SU(5) model gives the following predictions for the strong gauge coupling 
<as(Af^): 

~ 0.130 ± 0.004 ± (8) 

and for the unification scale: ~ 2 • 10^® GeV, where the experimental 

values for ai{Mz) and a 2 {Mz) couplings are taken as input parameters. The 
prediction (8) should be compared with the high-precision experimental value, 
(Mgut) = 0.119 dz 0.002. The main uncertainty in (8), origina- 

tes from the uncertainties in masses of GUT particles, while the first uncer- 
tainty is related to the variations in the mass spectrum of the electroweak Higgs 
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bosons and superparticles at the TeV-scale. In the minimal supersymmetric 
SU(5), is parametrized through the coloured Higgs (Higgsino) mass Mt, 

^su{b) _ Thus, large negative contribution —0.01 

needed to fit the experimental value (8) can be obtained by lowering the mass 
Mr, Mt ~ O.OSMquT’ However, this possibility is excluded from the unaccep- 
tably fast proton decay induced by a low mass coloured Higgsino. 

In this respect, the situation in orbifold GUT, where GUT symmetry bre- 
aking is achieved by orbifold compact ificat ion, seems more promising. Firstly, 
ignoring for a moment possible operators localized on the orbifold fixed points, 
the mass spectrum of GUT particles and their KK modes are essentially de- 
termined by few parameters, namely in 5D by a single compact ificat ion radius 
R. Secondly, one can avoid the proton decay constraints by intrinsically geo- 
metric mechanism without extension of particle content of the model. Thirdly, 
although each gauge coupling above the compactification scale receives radiative 
corrections which depend on a certain power of the cut-off scale, the relative 
slope of the gauge couplings and thus the low energy predictions will have the 
usual logarithmic scale dependence. This is because of the underlying bulk GUT 
symmetry. 

However, including brane localized kinetic terms we immediately account the 
problem already at tree level. Consider for definiteness a realistic SU(5) GUT in 
5D described in Section 1. Since on the orbifold fixed point y = a SU(5) sym- 
metry is broken down to the SU(3)0SU(2)(g)U(l), one is allowed to write down 
only a SU(3)(8)SU(2)(8)U(l)-symmetric (rather than SU(5)-symmetric) gauge ki- 
netic terms with different r-factors, (i = 1,2,3 correspond to U(l), SU(2) 
and SU(3), respectively). Then the 4D effective gauge coupling (see Eq. (7)) at 
some unification scale will be 



qH^gut) 



95{Mgut) 




ro(McuT) 

2 



_l_ r^(McuT) 
2 



( 9 ) 



If rl^{McuT) are large and non-universal, tI^^Mgut) ^ Ihen the gauge cou- 
pling unification is ruined already at the tree level. Some extra assumption 
beyond the SU(5) framework is evidently needed to suppress the localized gauge 

kinetic terms at SU(5)-breaking orbifold fixed point, i.e. ^ should be << 1. 
The explanation to why the r-factors of gauge localized kinetic terms might 
be small has been proposed in [4, 5]. The key assumption is that the theory 
enters into the strong gauge coupling regime at Mgut- This could naturally 
happen because above the compactification scale the asymptotic freedom is lost 
and couplings grow rapidly due to the power-low running of couplings in hig- 
her dimensions. Naive dimensional analysis (NDA) gives the following estima- 
tes for the strong bulk gauge coupling, g^{MGUT) — gMgu t ’ strong 

gauge couplings for the local kinetic terms one has: go{MGUT) — 
g]^{MGUT) — Y (here C's are group theoretic factors, C 5 for SU(5) and 
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~ (1, 2, 3)) [5]. Within this assumption r-factors are indeed small, _ 

<< 1, << 1? providing that extra dimension is large, 

aMcuT » 1 {a = ttR). Since the low energy values for the effective 4D cou- 
plings g\ are known to be of the order ~ 0.7, from the above assumption one 
can estimate the energy gap between the compactification scale and strong 
coupling unification scale Mgut' MqutR — 60. That is to say, there are approxi- 
mately Nkk — 60 KK modes in the energy region between the compactification 
scale ^ and the unification scale Mgut- 

To see how this works, let us calculate the KK mode corrections in the model 
described in the Section 1 with standard KK masses, see Table 1. One obtains 
at one loop leading-log approximation: 

^ Nkk — ^ / I -1 \ 

= ...-‘“"'"’(Mz) + ^ E ‘“(fTr)' 

n=Q ^ 2 

(here is the prediction of the 4D supersymmetric SU(5) for (8) 

without GUT thresholds, = 0) for the strong gauge coupling. Note that 

the KK mode correction to a^{Mz) (the last term in Eq. (10)) works in the 
right direction, lowering a^^^^\Mz) (8). Taking Nkk = 60, one obtains cor- 
rection from KK modes 5a'^^{Mz) ~ 0.715 which to the brings prediction for 
the strong gauge coupling, a^{Mz) ~ 0.119 zb 0.004, in remarkable agreement 
with the experimental value. At the same time, the compactification scale Mcis 
lower. Me ~ 1.5 • 10^^ GeV, [4, 5, 7] than the typical 4D unification scale. This 
means that the first KK modes of X-Y intermediate vector bosons might induce 
unacceptably fast decay of proton. This inevitably forces us to put all or part of 
light generations into the 5D bulk. 

This prediction recieves neglibile corrections when the effects modified KK 
spectrum for gauge bosons is included [7] as it was expected from the NDA 
estimation [4, 5, 6]. However, large uncertainties in the prediction of strong gauge 
coupling as{Mz) might originate from the contributions of the Higgs and matter 
KK modes. The point is that, unlike gauge fields, their local kinetic terms are not 
controlled by the strong coupling unification assumption and thus in principle 
they are free parameters. Gonsider for example bulk matter fields. Each type 
of matter fields (with the same orbifold symmetries) at each KK level n are 
arranged in the full SU(5) multiplets, 5 + 10, see Table 1. Thus if their masses 
are degenerate, they will not give any correction at one loop level as it is the 
case for the zero modes, i.e. ordinary quarks and leptons in the limit of vanishing 
masses. This is indeed the case for the standard KK decomposition as well. In 
the general case, it is clear that (— , -b) KK matter fields as well as (-b, — ) KK 
matter fields also do not give any extra correction. In the case of (— , +) the KK 
mass spectrum is standard since for these fields both boundaries ai y = 0 and 
y = a are transparent. Also (-b, — ) fields feel only 5t/(5)-invariant fixed point 
at 7/ = 0 and thus KK mass spectrum is SU(5)-invariant. However, different 
KK modes collected in (~b, +) and (— , — ) fields might have SU(5) non-universal 
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masses at each KK level due to the non-universal local kinetic terms at SU(5)- 
violating fixed point ?/ = a. As a representative example of possible uncertainties 
in the calculation of 0^3 (M^), consider ) matter fields. Assume that 

factors for the SU(2)-doublet fields, lOg and 5j^ are approximately the same 

(10^ ,5^' ) 

and large, — = ^ 1? while SU(2)-singlet fields have small r^r-factors, 

— = ^2 << I5 so that corresponding KK masses can be aproximated 

as it is discussed in the previous Section. In this case we obtain the following 
correction to a^{Mz)'> 



5a^\Mz) 



15?7 

147t 



In 




Nkk — ^ 

E 



n=0 



n + 1 
n + ^ 



( 11 ) 



where 77 is the number of matter generations propagating in the bulk. Here we 
have separated the dominant contribution from the light KK modes (the first 
term in (11)) from the contribution of the rest of KK tower (the second term in 
(11)). These corrections are due to an extra (in addition to the one leading to 
the correction in (10)) logarithmic running of SU(5) non-invariant 4D boundary 
gauge couplings. Taking for instance, Ci — ^ ^kk = 60 as before, 

from (11) we obtain a large correction, 5a^^{Mz) ~ —1.645/7, which pushes up 
the strong gauge coupling constant to an unacceptable value: 



as{Mz) ^ 0.148, for 77 = 1, as{Mz) - 0.196, for 77 = 2. (12) 

If only the 10-plets are residing in the bulk, as it is favoured by some phenome- 
nological considerations [5], then the correction (11) is reduced by anly a factor 
0.7 which is still too large. For example, for 77 = 2 and for the above values of 
and X 2 one obtains as{Mz) ~ 0.162. Alternatively, assuming that << 1 and 
^2 >> 1, the rhs of Eq. (11) changes the sign (with ^ ^2) and thus a^{Mz) 
gets dramatically lowered. We have found large enough corrections for moderate 
values of r- factors as well. 

Already the above representative numerical examples are clearly warning us 
that uncertainties in the calculation of the strong gauge coupling are actually 
large and essentially uncontrollable. Strictly speaking, r-factors (especially for 
the Higgs and matter fields) can neither be computed or estimated nor can be 
constrained by the available experimental data. Thus we are lead to the con- 
clusion that one cannot obtain reliable predictions in the framework of orbifold 
GUTs. Nevertheless, orbifold GUT models could still be viewed as interesting 
theoretical schemes where many attractive features, such as GUT symmetry bre- 
aking, doublet-triplet splitting, suppression of the proton decay etc., could have 
their counterparts in a more fundamental theory, where, hopefully, the ambiguity 
related with local kinetic terms can be also resolved. 
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Abstract. The Standard Model of quarks and leptons is, at first sight, nothing but 
a set of ad hoc rules, with no connections, and no clues to their true background. 
At a closer look, however, there are many inherent prophecies that point in the same 
direction: Compositeness in terms of three stable preons. 



1 Introduction 



The Standard Model (SM) of quarks and leptons serves as a bible of high-energy 
physics. It even resembles the real Bible, in the sense that it is mainly a set of 
“stories” , rules and wisdoms, which reflect both real life and human thinking. 

The SM is also flexible, since it can easily be complemented with new fin- 
dings or ideas, such as neutrino oscillations, supersymmetry, or new fundamental 
quarks and leptons, just like the first Bible was once complemented with the New 
Testament by Christians. Unlike the Bible, the SM does not give a clue to its 
deeper meaning, nor does it reveal any connections between its many bits and 
pieces. The SM is hence a quantitative success, but a qualitative mess. 

What I will argue in this talk, however, is that the situation is not that 
unclear or hopeless. Rather, the SM is full of prophecies and hints to its deeper 
background, many of which can be understood after a deeper look into those SM 
features that have been put in entirely by hand. I will make frequent references 
to the “History Book”, in order to investigate if such ideas or situations have 
appeared before. As you will see, there have been numerous situations in the 
past when paradoxes and problems like the ones in the SM turned out to come 
from compositeness of the “fundamental” particles of those days. 

To be more precise, I will discuss the following aspects of the SM: 

- there are six quarks and six leptons in three families 

- most quarks and leptons are unstable 

- there are several ad hoc quantum numbers 

- some quarks, leptons and gauge bosons mix/oscillate 

- the heavy vector bosons are massive and unstable 

- the mixes with the photon 

The discussion will converge toward more precise features of a preon model, 
and I will conclude by briefly describing a recent one, presented by Jean- Jacques 
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Dugne, Johan Hansson and myself [1]. The discussion presented here is, in fact, 
an offspring of our work with that particular model. 



2 Some General Observations 

Before going into some detail with preons and the SM, a few more general 
observations can be made. First of all, the History Book tells us that “there 
is always a deeper layer of compositeness”. Earlier layers have normally been 
suggested and/or discovered when the model in fashion became too complex, 
or when there were too many different models for the “fundamental” particles. 
Such leaps to new levels of compositeness come every 30 — 40 years, which means 
that time is ripe for preons! 

Nevertheless, compositeness has never been a main trend of high-energy re- 
search. Rather, an overwhelming majority of theorists has traditionally regarded 
the elementary particles of the day as the fundamental ones. 

Compositeness usually comes into fashion as a viable theory only if strongly 
supported by experiment, or if suggested by some well-known theorist. In the 
latter case, the interest fades away after some time, if not supported by obser- 
vations. Examples are the quark model by Gell-Mann and Zweig [2, 3] and the 
early preon models by Harari [4] and Shupe [5] ( “rishons” ) and by Fritzsch and 
Mandelbaum [6] (“haplons”). 

The quark model gained a wider acceptance only after the pioneering deep- 
inelastic scattering data of the late 1960s and the early 1970s, and their inter- 
pretation in terms of partons. There are no such supporting data for preons, 
and the interest in the first preon models was therefore gone a long time ago. 
The concept of compositeness still appears now and then in experimental work, 
but mostly in routine searches for deviations from the SM predictions in events 
with large transferred momenta. The lack of signals are normally quoted as a 
minimal preon energy scale of a few TeV [7] . It is to be understood as an inverse 
length-scale in a hypothetical form factor of internal preon wave functions (and 
not as a preon mass scale). In order to restrict this length-scale further, one 
would seemingly need the high energies of the upcoming CERN LHC facility, 
or at least high-statistics data from RUN II of the Fermilab Tevatron. However, 
this does not exclude that preons could reveal themselves in other ways, e.g., at 
the Tevatron, such as through the discovery of new, exotic quarks or leptons. An 
earlier example was the discovery of the exotic hyperon and its importance 
for the subsequent quark model. 



3 Too Many Quarks and Leptons 

The most common argument in favour of preons [8] is that there are too many 
quarks and leptons to let any SM enthusiast feel comfortable. There is no obvious 
logical reason why there would be (at least) twelve fundamental particles. The 
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Fig. 1. Why do quarks come in six-pack, like in German supermarkets? 



case for preons is strengthened by the fact that these particles fall into a nice 
pattern of three “families” . 

The History Book tells us that the existence of too many fundamental par- 
ticles in the past always preceded the discovery of yet smaller and fewer building 
blocks (not counting the era of “earth, fire, air and water”). 

Examples are; 

- the existence of too many elements was explained by the atoms consisting 
of electrons and nuclei; 

- the existence of many isotopes of one and the same element is a by-product 
of the compositeness of nuclei, containing protons and neutrons; 

- the hundreds of hadrons that puzzled high-energy physicists a half-century 
ago reflect their quark structure. The patterns among the early hadrons led the 
mind to the number three, and resulted in a model with three different quarks, 
with a quark-flavour 5(7(3) symmetry. 

A first conclusion is therefore that the many quarks and leptons reflect a 
preon substructure, and that the pattern of three families comes from the exi- 
stence of three preons, with a preon-flavour SU (3) symmetry. It is noteworthy 
that the early preon models did not, in general, provide a more rational explana- 
tion of the quarks and leptons of those days. Typically, four diflPerent preons were 
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used to explain the existence of the four particles of the lightest quark/lepton 
family, while the heavier ones were not properly understood. A good preon mo- 
del should hence explain all quarks and leptons on equal terms, at least in some 
sense. 



4 Unstable Fundamental Particles? 

Most quarks and leptons are unstable, decaying into lighter ones, until only sta- 
ble (?) electrons, protons and neutrinos remain. In my view there is a logical 
problem with unstable fundamental particles: How can Nature’s most funda- 
mental objects decay into equally fundamental objects? As to the best of my 
knowledge, this simple argument has not been debated earlier in the literature. 
When discussing this with colleagues, I am often met by the attitude that Nature 
is anyway so strange, so why bother? 

Again the History Book gives some moral support to the preon solution, 
because all decays of previous “fundamental” particles have mirrored their com- 
positeness. Examples are: 

- the decays of atoms were found to come from the decays of their nuclei; 

- which were later blamed on the decays of their nucleons; 

- which were later blamed on the decays of their quarks. 

So, where will this sequence of explanations end? In my opinion, not until we 
find a level with stable constituents. A preon model must therefore either have 
absolutely stable preons, or rely on yet unstable and composite preons (“pre- 
preons”). If preons are stable, all quark and lepton decays are just regrouping 
of preons into systems with lighter quarks and leptons. This strongly limits the 
number of possible preon models. The pioneering preon models quoted above did 
not have this property. The heavier two families either remained unexplained, 
or were assumed to be internal excitations of the lightest one, decaying to their 
own ground states. 

Summing up the prophecies so far, one can envisage the existence of three 
absolutely stable preons. This makes net preon flavour a completely conserved 
quantity in all particle reactions. A by-product is that in case two quarks or 
leptons would have identical net preon fiavours, they will (or must) mix into new 
mass eigenstates. This would be equivalent to, e.g., p/oo- and ry/Ty'-mixing in the 
quark model. Hence such a preon model provides a possibility to understand the 
various mixings of quarks, neutrinos and weak isospin eigenstates in the SM. 
These aspects will be discussed later. 



5 Ad hoc Quantum Numbers 

The SM contains a few quantum numbers that have been put in by hand, without 
a deeper understanding, and just in order to describe that some quark and lepton 
quantities are conserved or partially conserved. 
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These are quantum numbers that either seem absolutely conserved, such 
as baryon number, or are known to be conserved only in some reactions, e.g., 
weak isospin. Lepton numbers form a grey-zone. They seemed to be absolutely 
conserved until quite recently, when neutrino oscillations were discovered. 

The History Book again gives some clues. A long time ago, the “isotopic 
numbers” were understood only after the discovery of the neutron and the 
compositeness of atomic nuclei. In the 1950s hadronic isospin and strangen- 
ess/hypercharge were introduced to describe the observed approximate symme- 
tries of hadronic decays and interactions. These three quantum numbers turned 
out to come from three quark flavours. 

Since the number three pops up also in the SM, it is tempting to guess 
that lepton number conservation has to do with preon number conservation, i.e., 
preon-flavour SU{3) symmetry. The disturbing neutrino oscillations/mixings can 
then be understood if two or more neutrinos have identical net preon flavour. 
This will be discussed in the next Section. The connection between weak isospin 
and the number of preons is not as obvious, but will also be discussed below. 



6 Oscillations and Mixings of Fundamental Particles? 

The SM prescribes that certain created quarks, leptons and gauge bosons mix 
into new eigenstates before being detected. The History Book tells about a few 
such situations in the past. 

A classical example is that different isotopes, created in nuclear reactions, 
mix in Nature in certain proportions, and are inseparable in normal chemical 
reactions. Chemical isotope mixing hence has its root in the compositeness of 
atomic nuclei. 

A more modern case is the mixing/oscillation of the two neutral kaons 
and into the mass eigenstates Kl and Ks- This comes about because of 
quark reactions inside the kaons, i.e., the compositeness of hadrons. 

Both cases are examples of what happens when virtually different states have 
identical net quantum numbers relative the particular interaction used to “de- 
tect” them. I will now discuss three similar mixings of “fundamental” particles 
in the SM, and their interpretations in terms of compositeness. 

6.1 Example 1: The Cabibbo Mixing of d and s 

Let us assume that the d and s quarks mix into the weak-interaction ( “mass” ) 
eigenstates d' and s' because they have identical net preon contents. The question 
is then how this can be arranged in detail. There are in principle two different 
solutions. One is that the two quarks have identical preon contents, although 
with some internal differences between the detailed preon wave functions, e.g., 
with two different internal spin structures. The other one is to focus on the word 
“net”, meaning that some preon flavours cancel inside either quark, e.g., because 
they contain preon-antipreon pairs. 
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It turns out that the first alternative fits the neutrino sector better (see 
below). I therefore suggest that a quark contains a preon-antipreon pair plus 
an additional preon. As an example, consider a situation where the two quarks 
have the following compositions: d = (306 and s = aa6, both with the net flavour 
of the 6 preon. If we assume that quark production in strong (QCD) processes 
always starts with pure preon states, these two quarks will subsequently mix into 
mass eigenstates before they decay, or take part in a weak process. If looked upon 
as an oscillation, the mixing can be illustrated with the Feynman-like diagram of 
Fig. 2. A preon-antipreon pair inside a quark can annihilate and produce another 
pair, thereby forming another quark. 



p 

p 



cc 

cc 



6 



6 



Fig. 2. One way for two composite quarks to mix quantum- mechanically. A preon- 
antipreon pair annihilates and turns into another pair 



For technical reasons I have used the convention of an antipreon (^) for the 
common preon of d and s. It is naturally not clear in detail how one preon pair 
converts to another. The intermediate system can be one or more photons, one 
or more gluons, or maybe some new gauge bosons ( “hyper gluons” ) . 

Neither does it seem realistic that one and the same phenomenon can explain 
all quark mixings of the so-called CKM matrix [9, 10]. There is simply no third 
state made up of these three preons that can oscillate in a similar way to a d or 
an s. On the other hand, the smaller CKM matrix elements differ by an order of 
magnitude from the Cabibbo one, indicating that the detailed mechanism here 
is different from the one of Fig. 2 for d and s. I refer to [1] for a preon-based 
discussion of other quark mixings than the d/s one. 

The preon charges can easily be chosen as to fit the charge of the two quarks. 
Obviously, 6 must have charge +e/3, while the other two can be “anything”. It is 
wise to choose the charges -he/3 also for a and — 2e/3 for j3. This will be obvious 
from the discussion in 6.2 below, although it already now seems attractive to 
mimic the three charges of the original flavour- 5C/( 3) quark model. 

6.2 Example 2: Neutrino Mixing 

Once we choose preon charges as multiples of e/3, and prescribe that a quark 
contains three entities, it becomes almost necessary to build the integer-charged 
leptons as three-preon states. With the charges defined above there are just three 
main ways to make neutrinos: aa[3 and 5513. 
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The three preons build up a total spin 1/2, which means that there are 
several possible spin combinations. For simplicity, let us assume that two unequal 
preons prefer to form a total spin-0 “dipreon” pair, in the same fashion as quarks 
tend to pair up in diquarks in many situations [11]. Such restrictions result in 
the following five neutrinos: ui = a{(36)s=o, ^2 = = ^{Po^)s= 0 ’ 

1^4 — a{Pa)s=o^ ^'5 = Note the similarity with the five neutral baryons 

in the spin- 1/2 nonet (octet -h singlet) of the original quark model. 

It can be seen that the three neutrinos ui, V2 and z/3 indeed have identical 
net preon fiavours, and hence can mix/oscillate into three new mass eigenstates. 
Such an oscillation can be seen as one of the three preons oscillating between the 
two spin -0 pairs that it can form with the other two preons. Figure 3 illustrates 
the situation for an oscillation between ui and U2- At this primitive stage of the 
discussion it is not possible to pinpoint the actual neutrinos that correspond to 
the different preon states. Three of the five states must naturally be connected 
to the three known neutrinos, while the other two must have masses in excess of 
half the mass. 
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Fig. 3. One way for two composite neutrinos to mix/oscillate. A preon oscillates in 
and out of two different “dipreon” (spin-0) pairs 



It can be added that with these particular preons it is impossible to construct 
charged leptons that would oscillate or mix in the same way. Neither can there 
be decays of the type ey. 

6.3 Example 3: Electroweak Mixing of and 

In many preon models [8] the weak gauge bosons are supposed to be composite 
and built up by preon-antipreon pairs in total spin 1 . With the preons described 
earlier, it is tempting to define = (o^) and W~ ~ The neutral sector 

is more complicated. There are five neutral combinations of the three preons, 
and three of these have identical net preon numbers: aa, and 56 . They 
resemble the uj and (p of the vector meson nonet, and are expected to mix. 
Looking closer into the preon-fiavour SU ( 3 ) structure, it seems as if some (wave- 
function) combinations correspond to the two neutral weak-isospin eigenstates, 
namely = {aa — ( 3 ^) j and Efi = (aa \/ 2 . These two then mix into 

two mass eigenstates, and Z' (a new and even heavier boson). Note that the 
mixing partner of the normal Z is not the photon, like in the SM. The reason is 
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that the weak interaction is not fundamental in models with composite Zs and 
VFs, and there can hence not be an electroweak unification (and no Higgs!). This 
aspect will be further discussed later. 

The mixing of {aa) with (PP) can again can be illustrated in the fashion of 
a Feynman diagram, as in Fig. 4. 




Fig. 4. One way for two composite neutral vector bosons to mix. A preon-antipreon 
pair annihilates and turns into another pair 



The intermediate state must now be neutral in both charge and colour, as 
well as have spin 1. It could hence be one or more photons, two or three gluons, 
or a number of hypothetical “hypergluons” . 

6.4 An Interesting Comparison 

A closer look shows that the action in Figs. 2 & 4 takes place through very 
similar preon subprocesses, as shown again in Fig. 5. 
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Fig. 5. The Weinberg mixing of and in the upper part of the figure, and 
the Cabibbo mixing of d and s, in the lower part, come from the same basic preon 
processes, and are hence related 



If the mixing fraction of the {aa) and {PP) pairs depends only on the masses 
and/or electric charges of a and /3, and not on, e.g., the systems they sit in, or 
their total colour or spin, then one can show that there is a relation between the 
Cabibbo and Weinberg angles [1]: 



cos0\Y — sin^^ = V 2 sin Oc’ 



( 1 ) 
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With sin^ 6w = 0.23117 ±0.00016 and sin6>c = 0.2225 ± 0.0035 [7] the Ihs = 
0.396 ±0.001 and the rhs =■ 0.315 ± 0.005. This is a fair agreement considering 
the rough assumptions. In addition, if we simplify the situation further and 
assume that the mixings occur through one-photon intermediate states, then 
the preon- ant ipreon pairs occur in proportion to their squared charges, and we 
expect: 



sin 9c = ql/{ql ± qf) = 1/5, (2) 

which again is not far from reality. 



7 Massive, Charged and Unstable Weak Gauge Bosons 

Most ad hoc SM assumptions that lack a deeper background have to do with 
the ugly fact that the weak interaction has massive gauge bosons. That is the 
excuse for introducing the Higgs mechanism with all its inherent problems and 
unsatisfactory logic. This is typical for many of the odd features of the SM. They 
are introduced to cure and/or quantify earlier theoretical problems, rather than 
to explain the observationes from more basic principles. Ofter the cure causes 
side-effects, which need new cures, etc. 

The situation with massive and unstable “gauge bosons” is not new in high- 
energy physics. In nuclear physics it is often productive to regard the vector 
mesons, p, cj, 0 etc, as gauge bosons of the nuclear forces that keep nucleons 
in place. They are good phenomenological couriers of QCD, by leaking colour- 
neutral quark- antiquark pairs between nucleons. It seems as if spin-1 particles 
are better than scalar ones in faking true (massless) gauge bosons. 

The History Book therefore warns us that massive gauge bosons are not 
fundamental, but some kind of “neutral” leakage of more basic forces. Hence W 
and Z might well be false gauge bosons that just leak the basic preon forces. 

It would imply that there are nine different heavy vector bosons (if we believe 
in preon- flavour SU{i)). Hence six very heavy ones are yet to be discovered. 
Five of the bosons are neutral {Zs) and four charged (Ws). Three of the Zs have 
identical net preon flavour and would mix, since they are built up by ad, (30 
and 55. The remaining two Zs are mutual antiparticles, being o5 and 5a. 



8 Electroweak Unification and 'j/Z Mixing 

It remains to discuss why Z^ seems to mix with the photon, in a way that is 
well described by the electroweak sector of the SM and parametrized by the 
Weinberg angle. 

The History Book again tells why, because the situation is not new. In the 
1960s it was discovered that the photon sometimes behaves like a hadron in 
interactions with nucleons. It was suggested that its wave function has a hadronic 
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component, consisting mainly of the p meson, but with some fraction also of more 
massive spin -1 mesons at higher Q‘^ values. This idea was dubbed Vector Meson 
Dominance (VMD) [ 12 ]. It was developed in great detail and used to understand, 
or at least describe, a wealth of data. It is still a viable model for the behaviour 
of virtual photons in medium-Q^ reactions with hadrons. Hence a photon is 
believed to couple directly to a p, like in Fig. 6, when interacting with a hadron. 




Fig. 6. The photon mixes with p according to the Vector Meson Dominance model 



In the early days this was taken as a fact, and the origin of the coupling 
remained unknown for a while. A physicist with a gift to look into the future 
could then have come up with a radical idea: The photon and the p are one and 
the same particle! This would lay the ground for a new theory of electrostrong 
unification^ where the 7/p mixing is parametrized by an electrostrong mixing 
angle. After a while the substantial difference in mass between the two particles 
would have inspired someone to invent an electrostrong Higgs boson. Or rather, 
a whole set of mixing angles and Higgs bosons, because the photon couples also 
to other vector mesons. 

Why was this model never invented (except here)? Because soon after the 
birth of VMD, the quark model gained ground. Then it became evident that 
any spin- 1 neutral meson couples to (“mixes” with) the photon just because its 
quarks are electrically charged. At high-enough the photon sees the constitu- 
ents, instead of the (invisible) neutral hadron. The true explanation of the 7/p 
mixing is hence compositeness, as illustrated by Fig. 7 . 
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Fig. 7. The 7 /p mixing comes about because p is composite 



The conclusion for the electroweak sector and preons is then obvious. The Z 
contains charged preons, and is hence destined to couple to a high-Q^ photon, 
as in Fig. 8. 

Qualitatively, the electroweak formalism is very similar to the old parame- 
trization of the VDM model, i.e., the propagators in a Feynman-graph formalism 
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Fig. 8. The 7 /Z mixing comes about because Z is composite 



look the same. The Z and VPs are just very good at faking true gauge bosons. 
One can even understand why one and the same Weinberg angle would reason- 
ably well describe not only the 7 /Z mixing in the SM but also the Z/Z^ mixing 
in a preon model. This would come about if the conjectures leading to (1) and 
(2) were true, i.e., that the preon- ant ipr eon states inside the various Zs mix via 
virtual photons, rather than gluons or hypergluons. 

However, the electroweak and electrostrong situation differ quantitatively, 
since no heavier (Z') boson has revealed itself experimentally as deviations from 
the SM predictions, e.g., at the CERN LEP machine. Neither are there any traces 
of direct Z' production at the Fermilab Tevatron. The hypothetical Z' should 
therefore be much heavier than the Z^ [7], unlike the vector-meson situation, 
where the cj is very close to p in mass. This need not be troublesome for preons, 
because the preon-S'C/(3) wave functions inside Zs might differ substantially 
from the quark-S'C/(3) wave functions inside mesons. 

It could be fruitful, however, to analyse the unconventional alternative that 
the Z° and the next Z' have almost equal masses. Maybe the Z^ wave function 
is dominated by the [jSP) combination and the first Z' by {aa). Then e+e“ 
annihilation would produce mainly the Z°, for two reasons: (i) an annihilation 
to a photon would couple the photon four times as strongly to a [3[3 pair than 
to an aa pair; (ii) an annihilation of only the dipreons in the pair would 

result in a PP system (see Table 2 below), which in turn would prefer to make a 
Z°. At present it is unclear to me if a “hidden” Z', near the Z° in mass, would 
be in conflict with the CERN LEP precision tests of the SM. 



9 Conclusions: What next? 

This discussion of crucial ad hoc features of the standard model has, step-by-step, 
led to strict and rather detailed requirements of a hypothetical preon model for 
quarks, leptons and heavy vector bosons. As you might have guessed, they are 
all in line with the “preon-trinity” model presented earlier by Dugne, Hansson 
and myself [ 1 ]. 
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The three preons have the charges given in Table 1. Also listed are the di- 
preons, necessary for understanding, e.g., neutrino oscillations. When entered as 
anti-dipreons, the scheme reveals a nice supersymmetric structure. 



Table 1. A “supersymmetric” scheme of spin-1/2 preons and spin-0 anti-dipreons. 



charge 

spin- 1/2 preons 
spin-0 (anti-)dipreons 



Te/3 — 2e/3 -t-c/3 
a p S 
m (a6) (aP) 



Following the SM prophecies, the leptons are now constructed as combinati- 
ons of one preon and one dipreon, the quarks of one preon and one anti-dipreon, 
and the heavy vector bosons of one preon and one antipreon, as in Table 2. 



Table 2. The composite states in the preon-trinity model; leptons with one preon and 
one dipreon, quarks with one preon and one anti-dipreon, and heavy vector bosons 
with one preon and one antipreon. 
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The best way to test the model would be to search for the new (heavy) 
particles in Table 2. Since the top quark is most probably the one marked t, 
there is some hope that the missing quarks and leptons can be produced at 
least at the Fermilab Tevatron. I am now analysing the conjecture that all three 
quarks, h, g and t, in Table 2 are hidden in the Tevatron data. The analyses of 
their decay modes are rather complex, especially in the light of the trigger and 
tagging conditions of the Tevatron experiments. 

The X quark is a mystery. It appears near the d and b in Table 2, but it has 
charge — 4e/3, since both its preon and anti-dipreon have charge — 2e/3. This 
made us suspect [1] that the system is not bound, and hence not a real quark. 

A final observation is that the heavy neutrino z /^2 in Table 2 can be produced 
in e+e~ annihilation together with a normal antineutrino. We expect the to 
be lighter than its related quark {t ) , since quarks are in general heavier than the 
corresponding leptons. Then the v ^2 can, in principle, be produced at energies 
lower than around 175 GeV. Hence it might be visible in existing CERN LEP 
data. I am analysing the situation in some detail. All LEP groups have reported 
that there are no statistically significant signatures of decay products from a 
heavy neutrino (“neutral excited lepton”). So maybe a careful event-by-event 
check is the only hope of finding a hint of a heavy neutrino at LEP (or HERA). 



Preon Prophecies 223 



Acknowledgements 

First of all I would like to thank the Organisers for providing a wonderful at- 
mosphere at Schlofi Ringberg, and a most fantastic weather all over Bavaria. 
Remember that this praise comes right from the heart of a resident of the Swe- 
dish Arctic, where the ice on the Baltic broke up in early May, six weeks ago! I 
am also grateful for much advice from my preon partners Jean-Jacques Dugne 
and Johan Hansson. At an early stage this preon research was supported in 
part by the European Commission under contract CHRX-CT94-0450, within 
the network “The Fundamental Structure of Matter” . 



References 

1. J.-J. Dugne, S. Fredriksson, J. Hansson: Europhys. Lett. 57, 188 (2002) 

2. M. Gell-Mann: Phys. Lett. 8, 214 (1964) 

3. G. Zweig: report CERN-TH-412 (1964), unpublished 

4. H. Harari: Phys. Lett. 86B, 83 (1979) 

5. M.A. Shupe: Phys. Lett. 86B, 87 (1979) 

6. H. Fritzsch, G. Mandelbaum: Phys. Lett. 102B, 319 (1981) 

7. K. Hagiwara et al.: Review of Particle Physics^ Phys. Rev. 57, 188 (2002) 

8. LA. D’Souza, G.S. Kalman: Preons (World Scientific, Singapore 1992) 

9. N. Cabibbo: Phys. Rev. Lett. 10 , 531 (1963) 

10. M. Kobayashi, T. Maskawa: Prog. Theor. Phys. 49, 652 (1973) 

11. For a review of diquarks, see M. Anselmino, E. Predazzi, S. Ekelin, S. Fredriksson, 
D.B. Lichtenberg: Rev. Mod. Phys. 65, 1199 (1993) 

12. For a review of the early VMD model, see D. Schildknecht: Springer Tracts in 
Modern Physics 63, 57 (1972) 



Part IV 



Cosmology and Neutrino Oscillations 



Big Bang Nucleosynthesis and Neutrinos 



Franceso L. Villante^ and Alexandr D. Dolgov^ 

^ Dipartimento di Fisica and Sezione INFN di Ferrara, Via del Paradise 12, 1-44100 
Ferrara, Italy 

^ ITEP, Bol. Cheremushkinskaya 25, 117218, Moscow, Russia 



Abstract. We present a brief review of Big Bang Nucleosynthesis (BBN). We dis- 
cuss theoretical and observational uncertainties in deuterium and helium-4 primordial 
abundances and their implications for the determination of important cosmological 
parameters. We present, moreover, some recent results on active- sterile neutrino oscil- 
lations in the early universe and on their effects on BBN. 



1 Introduction 

Big Bang Nucleosynthesis (BBN), as well known, is one of the solid pillars of 
the standard cosmological model. The theory predicts that relevant abundan- 
ces of light elements, namely ^H, ^He, ^He and ^Li, have been produced during 
the first minutes of the evolution of the Universe. The predictions span about 9 
orders of magnitude and are in reasonable agreement with observations. Theo- 
retical calculations are well defined and very precise. The largest uncertainty 
arises from the values of cross-sections of the relevant nuclear reactions. Theo- 
retical accuracy is at the level of 0.2% for ^He, 5% for and ^He and 15% for 
^Li. However, comparison of theoretical results with observational data is not 
straightforward because the data are subject to poorly known evolutionary ef- 
fects and systematic errors. Still, even with these uncertainties, BBN permits to 
constraint important cosmological parameters and to eliminate many modificati- 
ons of the standard model, thus allowing to derive restrictions on the properties 
of elementary particles and, in particular, of neutrinos. 

In this paper, we briefly review the physics of BBN. In sect. 2 we introduce the 
essential parameters and inputs. In sect. 3 we summarize the present situation of 
observational data. In sect. 4 we discuss the determination of cosmological para- 
meters. The last section is dedicated to BBN bounds on non-standard neutrinos 
and, specifically, to BBN and neutrino oscillations^. 

2 The Physics of BBN 

To understand primordial nucleosynthesis, we must follow in detail the histories 
of nucleons in the early universe. This is usually done by using numerical codes 

^ In this paper, due to space limitation, we will consider only selected topics. For a 
complete review of the BBN bounds on neutrinos see ref.[l] 
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7 ] 



Fig. 1. Primordial light element abundances as predicted by standard BBN. The 
widths of the bands correspond to theoretical uncertainties. 



(among which the Fortran code by Wagoner [2], updated by Kawano [3] has 
become a standard tool). However, the main features of Big-Bang nucleosynthesis 
can be obtained by simple analytic arguments described in this section (see 
[4, 5, 6, 7, 8, 9] for details). 
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Primordial nucleosynthesis occurs at temperatures T < 1 MeV, which are 
small with respect to nucleon masses. At these temperatures, the number of 
nucleons is simply equal to the initial baryon asymmetry of the universe. It is 
useful to describe this quantity in terms of the present baryon to photon ratio: 



The parameter 77 is simply related to the baryon density of the universe, being 
= 3.7- 10'^ 77 . 

The neutron to proton ratio is controlled by the weak processes 



which interconvert neutron and proton. When the temperature T of the universe 
is about 1 MeV, these reactions are fast enough to maintain neutron and proton 
in chemical equilibrium. The neutron abundance is thus given by: 



where Am =1.29 MeV is the neutron-proton mass difference and = ^^e/T is 
the dimensionless chemical potential of electron neutrinos (in standard BBN 
is assumed to be negligible). 

When the temperature T drops below Tf = 0.6— 0.7 MeV, the neutron-proton 
inter-conversion rate, / w ~ becomes smaller than the expansion rate the 

universe, H ~ ^ where counts the total number of relativistic degrees 

of freedom of the early universe. The deviation of g^ from the standard value, 

= 10 . 75 , is usually described in terms of an equivalent number of massless 
neutrinos ^ 3 according to: 



For temperatures T < Tf, chemical equilibrium can no longer be maintained. 
The neutron abundance Xn evolves only due to neutron decay, according to 
Xn = Vn(Tf) exp(— t/r^), where is the neutron lifetime. One should note 



the particle content of the early universe. The larger is g^ (or equivalently 
the earlier is the freeze-out of the neutron abundance, at an higher value, and 
hence, the larger is the ^He abundance produced in BBN. 

When the temperature of the universe is equal to Tjv 0.06 — 0.07 MeV 
neutrons and protons start to react each other to build up light nuclei. The exact 
value of Tjsf depends on the baryon to photon ratio rj. Only two body reaction 
are indeed important in BBN, such as 77 ( 77 ., 7 ) ^H, ^H(t 7 , 7 )^He, ^He(d, 77 )^He, etc. 
(see [10]). Deuterium must be produced in appreciable quantity before the other 



V = {Nb- N^)/N^ . 



( 1 ) 



72 -h p -h Te 

72 -f- ^ p-\- e~ 

72 ^ p -h e” -f Te 



( 2 ) 




1 



( 3 ) 



1 + exp{Am/T + ^e) 



3 * = 10.75 + - 3) . 



( 4 ) 



that the “freeze-out” temperature Tf scales as Tf oc gl^^ and thus is sensitive to 
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reactions can proceed at all. However, due to the large number of photons per 
baryon, photodissociation of deuterium is not suppressed until the temperature 
decreases well below the deuterium binding energy = 2.2MeV. Following 
[5], one can see that the temperature Tn below which deuterium production is 
favoured scales as T^r ~ H(//(15 — ln? 7 ). 

Once deuterium is formed, nucleosynthesis begins and light nuclei are produ- 
ced rapidly. Essentially all available nucleons are quickly bound into "^He, which 
is the most tightly bound light nuclear species. In addition to "^He, substantial 
amounts of ^H, ^He and ^He are produced. No heavy elements {A > 8) are 
produced, due both to the fact that Coulomb-barrier suppression is very sig- 
nificant and to the absence of stable isotopes with A = b and A = 8. In fig.l 
we show the light element abundances produced during BBN, as calculated by 
using the Kawano code [3], for rj between 10“^^ and 10“^. The calculation of ^He 
abundance includes small corrections due to radiative processes at zero and fi- 
nite temperature, non-equilibrium neutrino heating during annihilation, and 
finite nucleon mass effects [11, 12]. 

Theoretical predictions are affected by uncertainties at the level of 0.2% for 
^He, 5% for and ^He and 15% for ^Li. These uncertainties are due to un- 
certainties in the weak rates (which are “normalized” to the measured neutron 
lifetime = 885.7 ±0.8 s, see [6] for details) and in the values of the rele- 
vant nuclear reaction rates. They have been estimated by montecarlo or semi- 
analytical methods [10, 13]. Recently the nuclear data have been re-analyzed, 
leading to improved precision in the abundance predictions [14, 15, 16]. 



3 Observational Data 

The abundances of light elements synthesized in the Big Bang have been subse- 
quently modified through chemical evolution of the astrophysical environments 
where they are measured. The observational strategy is to identify sites which 
have undergone as little chemical processing as possible and rely on empirical 
methods to infer the primordial abundances. For example, measurements of deu- 
terium are made in in quasar absorption line systems (QAS) at high redshift; if 
there is a “ceiling” to the abundance in different QAS then it can be assumed 
to be the primordial value. The ^He abundance is measured H II regions in blue 
compact galaxies (BCGs) which have undergone very little star formation. Its 
primordial value is inferred either by using the associated nitrogen or oxygen 
abundance to track the stellar production of helium, or by simply observing the 
most metal-poor objects. Closer to home, the observed uniform abundance of 
^Li in the hottest and most metal poor Pop II stars in our Galaxy is believed to 
reflect its primordial value. (We do not consider ^He whose post-BBN evolution 
is more complex.) 

As observational methods have become more sophisticated, the situation has 
become more, instead of less, complex. Relevant discrepancies, of a systematic 
nature, have emerged between different observers. In the following, we give a 
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brief summary of the present situation for deuterium and helium-4 (looking from 
outside by a non-expert). We refer to [7] for a more complete and up-to-date 
discussion. 

Deuterium 

Post-BBN evolution of deuterium (D) is simple. Deuterium is burnt in stars 
producing ^He. Any deuterium measurement provides thus a lower limit for the 
primordial D abundance and an upper limit for baryon density of the universe. 

In recent years, measurements of deuterium have been made in quasar ab- 
sorption line systems (QAS) at high redshift. These systems are presumably not 
contaminated by stellar processes and thus the observed deuterium should be 
close to the primordial one. Since deuterium isotope shift corresponds to velocity 
of only (—82) km/sec, clearly QAS with simple velocity structure are needed for 
reliable determinations. Moreover, ionization corrections, possible “interlooper” 
etc. further increase systematic uncertainties. 

In tab. 1 we give the results of recent deuterium determinations in QAS 
[17, 18, 19, 20, 21, 22, 23]. An estimate of primordial deuterium abundance 
can be obtained from the weighted mean of data in tab. 1. It should be noted, 
however, that the dispersion among the different determinations is not consistent 
with errors in the single measurements (see [21] for detailed discussion). We will 
use, in the following, the value D/H = 2.781 q' 33 ^ 10“^ given in [21], which is the 
weighted mean of the log D/H values given by [17, 18, 19, 20, 21]. The quoted 
error is the la error in the mean, given by the standard deviation of the five 
log D/H values divided by a/ 5. This error is used instead of the usual error in 
the weighted mean, in order to take into account the “anomalous” dispersion of 
deuterium data. 



Table 1. Deuterium abundance in quasar absorption line systems at high red-shift 
(see [21] for details). 



z 


2.504 [17] 


3.572 [18] 


2.536 [19] 


2.076 [20] 


2.526 [21] 


3.025^ [22] 


10® (D/H) 


3.98i°;®? 


3.25 ±0.3 


2.54 ± 0.23 


1.65 ±0.35 


Q Ar\-\-0.35 
^•^^-0.25 


3.75 ± 0.25 



^ This system was first analyzed by [23] with the result D/H = (2.24 zb 0.67) x 10 ^ 
The quoted value is from [22]. 



Helium-4 

As a result of stellar processing, '^He is produced, increasing its abundance above 
the primordial value, together with “metals” , such as nitrogen, oxygen and other 
elements heavier than ^He, which are not produced in BBN. The observed ^He 
abundance provides thus an upper bound to the primordial one, Y^. 

Helium observations are done in H II regions in blue compact galaxies (BCGs) 
which have undergone very little star formation (at present ~ 100 H II regions 
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have been studied for their helium content). In order to infer the primordial 
value one extrapolates to zero metallicity (Z = 0) the observed relation 
between helium (F) and metals (Z). This is usually done using by nitrogen 
(N) or oxygen (O) as metallicity tracers. Alternatively, one can simply average 
helium abundances in most metal poor objects. 

The present situation is that independent determinations of Yp have a stati- 
stical errors at the level of 1 — 2% but differ among each others by about ~ 5%. 
In particular, by using independent data sets, Olive and Steigman [24] and Olive 
et al. [25] have obtained Yp = 0.234 ± 0.003, while Izotov et al. [26] and Izotov 
and Thuan [27] have found Yp = 0.244 ± 0.002. 

The discrepancy between different determinations is possibly related to diffe- 
rent description of the complex physical processes acting in H II regions. Several 
sources of systematic uncertainties may, in fact, affect the helium determination 
at a level comparable or larger than the reported statistical errors, like e.g. the 
evaluation of the ionization correction factor (which is related to how much neu- 
tral helium is in the object under scrutiny), of the temperature correction factor, 
of underlying stellar absorption, etc. (see [28] for a review). 

As discussed in the next section, it is extremely important to have a better 
determination of the ^He primordial abundances and a reliable estimate of the 
total (statistical -h systematic) associated error. For our estimates, we will use 
the central values for Yp reported above (Yp = 0.234 and Yp = 0.244), and the 
error estimate AYp = 0.005, which is obtained e.g. in [7, 8 ] from the dispersion 
of the various Yp determinations. 



4 Cosmological Parameters Prom BBN 

The deuterium abundance D/H = 2.78lQ*3g ^ can be used to determine the 
baryon density of the universe. As discussed in [ 21 ], the quoted value corresponds 
to 77 = 5.9 dz 0.5 X 10"^® (in standard BBN) or, equivalently, to flBh^ = 0.0214 dz 
0.0020. The error budget is dominated by the observational uncertainties which 
are about a factor 3 larger than uncertainties in theoretical prediction. 

The obtained value for has to be compared with independent deter- 

mination of the baryon density of the universe. In particular with the result 
— 0.0224 zb 0.0009 given in [29] which is obtained from a combined fit to 
the cosmic microwave background (CMB) and large scale structure (LSS) data. 
The agreement of these two independent determinations is extremely important 
because they rely on completely different physical phenomena (which occurred 
at different time during the evolution of the universe). We note that CMB (and 
LSS) are presently more accurate than BBN in determining the baryon density 
of the universe. 

The value of 77 deduced from deuterium can be used, in standard BBN, to 
predict the abundance of the other elements and to compare with observations. 
Following [21], one obtains Yp = 0.2476zb0.0010, ^He/H = 1.04±0.06 x 10"^ and 
^Li/H = 4.5 zb 0.9 X 10“^^. It is evident that there is tension between the quoted 
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values and the observational results. The “predicted” abundance for ^He is higher 
than the “high” helium value of Izotov et al. [26, 27]. Moreover, the “predicted” 
^Li abundance is a factor 2-3 larger with respect to the present observational 
results [30]. The origin of these differences has to be clarified. They could be 
due to systematic errors in the measurements or to evolutionary effects (e.g. ^Li 
depletion) or they could be a real indication for non-standard effects in BBN. 

In particular, the present D and "^He data seems to favour an equivalent num- 
ber of neutrino families Njy < 3. In order to understand the present situation, 
it is useful to combine the deuterium value D/H = 2.781q 38 x 10~^, with the 
“low” helium abundance, Yp = 0.234 ± 0.005, or with the “high” helium abun- 
dance, Yp = 0.244 ±0.005. The error AYp = 0.005 is the “estimated” systematic 
error in ^He measurements (see above). If we fit these data in the plane (77, Njy) 
following [31], we obtain the bound = 2.3 ± 0.5 (Icr) in the first case, and 
Njy = 2.8 ± 0.5 (Icr) in the second. In both cases, the central values are below 
three, even if the errors are large enough to allow for the standard value = 3. 

The described results clearly indicate that a large number of effective neu- 
trinos is disfavoured. One can conclude, in principle, that an upper bound on 
the number of extra neutrinos, SNjy = Niy — 3, is SNj^ < 0.3. It is clear, however, 
that the situation is quite delicate. The error = 0.5 is completely domina- 
ted by systematic error in ^He measurements. For this reason, we believe that, 
at present stage, a more safe upper bound on the number of extra neutrinos is 
< 1. Hopefully in the near future we will be able to derive a stronger limit. 

Other physical parameters which can be bounded by BBN are the chemical 
potentials of different neutrino species, /j^a where a = e, The possible role 
of neutrino degeneracy in BBN was noted already in [34] and then discussed in 
a number of papers. A non vanishing chemical potential for or would 

increase the neutrino contribution to the energy density and can be described as 
an increase in Nj^. An additional (and dominant) effect exists for electron neutri- 
nos which directly participate to n-p interconversion reactions. A non vanishing 
/ie would shift the equilibrium between neutrons and protons, see eq. (3), with 
large effects on light elements production. 

Several analysis have been made of the BBN limits on neutrino chemical 
potentials. A recent analysis which include also CMB data [35] concludes: 

-0.01 < < 0.2 (5) 

< 2,6 ( 6 ) 

where = f^alT are the dimensionless chemical potentials. For further impli- 
cations and for a discussion of the case in which both and are free to vary 
see [36]. 
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5 BBN and Neutrino Oscillations 



Effects of neutrino oscillations on BBN are much different if only active neutrinos 
are mixed, if only one active and one sterile neutrino are mixed or if we consider 
the more “complete” case of mixing between three active and one sterile neutrino. 



5.1 Mixing Between Active Neutrinos 

If neutrinos are in thermal equilibrium with vanishing chemical potentials, mi- 
xing between active neutrinos does not introduce any deviation from standard 
BBN results. The situation is more interesting if neutrinos are degenerate. In par- 
ticular, it was shown recently [37] that, for the mixing parameters which explain 
the solar neutrino problem [32] ’ 10~^ eV^ and tan^ ^goi = 0.4) 

and the atmospheric neutrino anomaly [33] = 2.5 • 10“3 eV^ and 

tan^ ^atmo 1)5 asymmetries in the muonic and/or tauonic neutrino sectors 
would produce, through oscillations, an asymmetry into the electronic neutrino 
sector. This means that, in presence of oscillations, the restrictive bounds on 
the chemical potential of electron neutrinos applies to all neutrino flavours. It is 
thus possible to obtain the restrictive bound: 

< 0.1 , (7) 



valid for any flavour [37]. 

5.2 Mixing Between One Active And One Sterile Neutrino 

There are three possible effects on BBN created by mixing between active and 
sterile neutrinos. First is the production of additional neutrino species in the 
primeval plasma, leading to Nj^ > 3. The second effect is a depletion of the 
number density of electronic neutrinos which results in a higher neutron freezing 
temperature. Both these effects lead to a larger neutron-to-proton ratio and to 
more abundant production of primordial deuterium and helium-4 (for the details 
see e.g. review [1]). If mixing between active neutrinos is absent the second effect 
would manifest itself only in the case of {ue — 2 ^s)-mixing, if we neglect relatively 
weak depopulation of z/g through the annihilation PgZ/e 

The third effect is a generation of large lepton asymmetry due to oscillations 
between active and sterile species [38]. However, this effect takes place only 
for very weak mixing, much smaller than the experimental bound and is not 
discussed in this paper. 

The problem of active-sterile neutrino oscillation is quite complex and has 
been discussed in many papers starting from 1990 (a large list of references can be 
found in ref. [1]). The problem was recently re-considered in [39] both analytically 
and by solution of the complete system of integro- differential kinetic equations. 
Earlier derived bounds have been re-analyzed and significantly different results 
have been found in the resonance case. 
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Fig. 2. BBN bounds on active-sterile neutrino mixing. See [39] for details. 



The results of [39] are shown in Fig. 2. The effect on BBN is expressed in 
term of variation of the effective number of neutrinos ANi^. The upper panels 
are for the case of — Ug (or Ur — J^s) mixing, while the lower panels refer 
to the case of — Ug mixing. The obtained results clearly depend on the sign 
of the mass differences. For positive^ mass differences, 6m^ > 0 (left panels), 
sterile neutrino production occurs through non-resonant transitions. For 6m‘^ < 0 
(right panels), one has instead resonant active-sterile transitions which result in 
much stronger bounds on the neutrino oscillation parameters. The solid lines in 
fig. 2 correspond to numerical results, while the red dotted lines corresponds to 



^ In the notations of [39], Sm^ is positive if sterile neutrino is heavier than active 
neutrino, in the limit ^ ^ 0. 
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analytic approximate results. It is evident that an observational bound on extra 
neutrinos much better than unity, say 6Njy < 0.3, could give very restrictive 
limits on active- sterile neutrino mixing. Unfortunately, the present observational 
bound SNjy < 1.0 is not accurate enough to put relevant constraints. 



5.3 Three Active And One Sterile Neutrinos 

It is practically established now that all active neutrinos are mixed with pa- 
rameters given by the Large Mixing Angle solution to solar neutrino problem 
= 7.3 • 10“^ eV^ and tan^ ^soi = 0-4) and by atmospheric neutrino data 
= 2.5 • 10“^ eV^ and tan^ ^atmo ~ 1). Existence of fast transitions bet- 
ween and Ur may noticeably change BBN bounds on mixing with sterile 

neutrinos, expecially for small values of mass difference. In particular, due to 
oscillations between active neutrinos, a deficit of u^ or Ur would be efficiently 
transformed into a deficit of z/g? leading to stronger bounds on active-sterile mi- 
xing. The effects of mixing between active neutrinos on the BBN bounds on a 
possible active-sterile admixture has been investigated in detail in [39]. 



6 Conclusion 

Comparison of BBN theoretical results with observational data is not straight- 
forward because the data are subject to poorly known evolutionary effects and 
systematic errors. Still, even with these uncertainties, BBN permits to constraint 
important cosmological parameters, like e.g. the baryon density the effec- 

tive number neutrino families the neutrino degeneracy parameters ^tc. 
The present bound number of extra neutrinos species is about unity and 
is not accurate enough to put relevant constraints on active-sterile neutrino mi- 
xing. If this limit could be reduced in the next future, say to 6Njy < 0.3, very 
restrictive limits on active- sterile admixture could be obtained. 



References 

1. A.D. Dolgov: “Neutrinos in cosmology,” Phys, Kept. 370, 333 (2002) 

2. R.V. Wagoner: Astrophys. J 14, 343 (1976) 

3. L. Kawano: Report No. Fermilab-pub-88/34-A, 1988 (unpublished); Report No. 
Fermilab-Pub-92/04-A, 1992 (unpublished) 

4. S. Weimberg: Gravitation and Cosmology (Wiley, New York 1972) 

5. E.W. Kolb and M.S. Turner: The Early Universe (Addison- Wesley, 1990) 

6. S. Sarkar: Rep. Prog. Phys. 59, 1493 (1996) 

7. G. Steigman: Ann. Rev. Astron. Astrophys. 14, 33 (1976) 

8. B. D. Fields and S. Sarkar, Phys. Rev. D 66, 010001 (2002) 

9. G. Steigman, arXiv:astro-ph/0307244 

10. M.S. Smith, L.H. Kawano, R.A. Malaney: Astrophys. J. Suppl. 85, 219 (1993) 



Big Bang Nucleosynthesis and Neutrinos 237 



11. R. E. Lopez and M. S. Turner: Phys. Rev. D 59, 103502 (1999) 

R. E. Lopez, M. S. Turner and G. Gyuk, Phys. Rev. D 56, 3191 (1997) 

12. S. Esposito et ah: Nucl. Phys. Proc. Suppl. 81, 59 (2000) 

13. G. Fiorentini, E. Lisi, S. Sarkar and F. L. Villante: Phys. Rev. D 58, 063506 (1998) 

14. R. H. Cyburt, B. D. Fields and K. A. Olive: New Astron. 6, 215 (1996) 

15. K. M. Nollett and S. Buries: Phys. Rev. D 61, 123505 (2000) 

S. Buries, K. M. Nollett and M. S. Turner: Astrophys. J. 552, LI (2001) 

16. A. Cuoco et ah: arXiv:astro-ph/0307213 

17. S. Buries and D. Tytler: Astrophys. J. 507, 732 (1998) 

D. Tytler and S. Buries: astro-ph/9606110 

18. S. Buries and D. Tytler: Astrophys. J. 499 , 699 (1998) 

D. Tytler, X. M. Fan and S. Buries: Nature 381, 207 (1996) 

19. J. M. O’Meara et al: Astrophys. J. 552, 718 (2001) 

20. M. Pettini and D. V. Bowen: Astrophys. J. 560, 41 (2001) 

21. D. Kirkman et al.: arXiv:astro-ph/0302006 

22. Levshakov et al.: Astrophys. J. 565, 696 (2002) 

23. S. D’Odorico et ah: Astron. & Astrophys. 368, L21 (2001) 

24. K. A. Olive and G. Steigman: Astrophys. J. Suppl. 97, 49 (1995) 

25. K. A. Olive, E. Skillman and G. Steigman, Astrophys. J. 483 , 788 (1997) 

26. Y. I. Izotov, T. X. Thuan and V. A. Lipovetsky: Astrophys. J. Suppl. 108 , 1 (1997) 

27. Y. I. Izotov and T. X. Thuan: Astrophys. J. 500, 188 (1998) 

28. V. Luridiana: arXiv:astro-ph/0209177 

29. D. N. Spergel et al. Astrophys. J. Suppl. 148 , 175 (2003) 

30. S. G. Ryan et al: Astrophys. J. 530, L57 (2000) 

P. Bonifacio and P. Molaro, Mon. Not. Roy. Astron. Soc. 285, 847 (1997) 

31. E. Lisi, S. Sarkar and F. L. Villante: Phys. Rev. D 59, 123520 (1999) 

32. P. C. de Holanda and A. Y. Smirnov, JCAP 0302, 001 (2003) 

33. Super-Kamiokande Coll., Y. Fukuda et al.: Phys. Rev. Lett 81, 1562 (1998) 
MACRO Coll., M.Ambrosio et a.: Phys. Lett. B 434, 451 (1998) 

34. R. V. Wagoner, W. A. Fowler and F. Hoyle, Astrophys. J. 148 , 3 (1967) 

35. S. H. Hansen ey al.: Phys. Rev. D 65, 023511 (2002) 

36. V. Barger et al.: Phys. Lett. B 569, 123 (2003) 

37. A. D. Dolgov et al: Nucl. Phys. B 632, 363 (2002) 

38. R. Foot, M. J. Thomson and R. R. Volkas: Phys. Rev. D 53, 5349 (1996) 

R. Foot and R. R. Volkas: Phys. Rev. D 55, 5147 (1997) 

N. F. Bell, R. Foot and R. R. Volkas, Phys. Rev. D 58, 105010 (1998) 

P. Di Bari and R. Foot, Phys. Rev. D 65, 045003 (2002) 

39. A. D. Dolgov and F. L. Villante: arXiv:hep-ph/0308083 



Cosmoparticle Physics — 

The Challenge for the Millenium 



Maxim Yu. Khlopov^’^ 

^ Center for Cosmoparticle Physics “Cosmion”, 125047, Moscow, Russia 
^ Physics Department, University “LaSapienza” , Pie A. Moro,2, 00185, Rome, Italy 



Abstract. Cosmoparticle physics is the natural result of development of mutual rela- 
tionship between cosmology and particle physics. Its prospects offer the way to study 
the theory of everything and the true history of the Universe, based on it, in the proper 
combination of their indirect physical, astrophysical and cosmological signatures. We 
may be near the first positive results in this direction. The basic ideas of cosmoparticle 
physics are briefly reviewed. 



Cosmoparticle physics originates from the well established relationship between 
microscopic and macroscopic descriptions in theoretical physics. Remind the 
links between statistical physics and thermodynamics, or between electrodyna- 
mics and theory of electron. To the end of the XX Century the new level of 
this relationship was realized. It followed both from the cosmological necessity 
to go beyond the world of known elementary particles in the physical grounds 
for inflationary cosmology with baryosynthesis and dark matter as well as from 
the necessity for particle theory to use cosmological tests as the important and 
in many cases unique way to probe its predictions. 

The convergence of the frontiers of our knowledge in micro- and macro worlds 
leads to the wrong circle of problems, illustrated by the mystical Uhroboros (self- 
eating-snake) . The Uhroboros puzzle may be formulated as follows: The theory 
of the Universe is based on the predictions of particle theory, that need cosmo- 
logy for their test Cosmoparticle physics [1], [2], [3] offers the way our of this 
wrong circle. It studies the fundamental basis and mutual relationship between 
micro-and macro- worlds in the proper combination of physical, astrophysical and 
cosmological signatures. 

Let’s specify in more details the set of links between fundamental particle 
properties and their cosmological effects. 

The role of particle content in the Einstein equations is reduced to its con- 
tribution into energy-momentum tensor. So, the set of relativistic species, domi- 
nating in the Universe, realizes the relativistic equation of state p — and the 
relativistic stage of expansion. The difference between relativistic bosons and 
fermions or various bosonic (or fermionic) species is accounted by the statistic 
weight of respective degree of freedom. The very treatment of different species 
of particles as equivalent degrees of freedom physically assumes strict symmetry 
between them. 
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Such strict symmetry is not realized in Nature. There is no exact symmetry 
between bosons and fermions (e.g. supersymmetry). There is no exact symme- 
try between various quarks and leptons. The symmetry breaking implies the 
difference in particle masses. The particle mass pattern reflects the hierarchy of 
symmetry breaking. 

Noether’s theorem relates the exact symmetry to conservation of respective 
charge. The lightest particle, bearing the strictly conserved charge, is absolutely 
stable. So, electron is absolutely stable, what reflects the conservation of electric 
charge. In the same manner the stability of proton is conditioned by the con- 
servation of baryon charge. The stability of ordinary matter is thus protected 
by the conservation of electric and baryon charges, and its properties reflect the 
fundamental physical scales of elect roweak and strong interactions. Indeed, the 
mass of electron is related to the scale of the electroweak symmetry breaking, 
whereas the mass of proton reflects the scale of QCD confinement. 

Extensions of the standard model imply new symmetries and new particle 
states. The respective symmetry breaking induces new fundamental physical 
scales in particle theory. If the symmetry is strict, its existence implies new 
conserved charge. The lightest particle, bearing this charge, is stable. The set of 
new fundamental particles, corresponding to the new strict symmetry, is then 
reflected in the existence of new stable particles, which should be present in the 
Universe and taken into account in the total energy- momentum tensor. 

Most of the known particles are unstable. For a particle with the mass m the 
particle physics time scale is t ~ 1/m, so in particle world we refer to particles 
with lifetime r ^ 1/m as to metastable. To be of cosmological significance 
metastable particle should survive after the temperature of the Universe T fell 
down below T ^ what means that the particle lifetime should exceed t ^ 
{mpi/m) • (1/m). Such a long lifetime should find reason in the existence of 
an (approximate) symmetry. From this viewpoint, cosmology is sensitive to the 
most fundamental properties of microworld, to the conservation laws reflecting 
strict or nearly strict symmetries of particle theory. 

However, the mechanism of particle symmetry breaking can also have the 
cosmological impact. Heating of condensed matter leads to restoration of its 
symmetry. When the heated matter cools down, phase transition to the phase of 
broken symmetry takes place. In the course of the phase transitions, correspon- 
ding to given type of symmetry breaking, topological defects can form. One can 
directly observe formation of such defects in liquid crystals or in superfluids. In 
the same manner the mechanism of spontaneous breaking of particle symmetry 
implies restoration of the underlying symmetry. When temperature decreases in 
the course of cosmological expansion, transitions to the phase of broken sym- 
metry can lead, depending on the symmetry breaking pattern, to formation of 
topological defects in very early Universe. The defects can represent the new 
form of stable particles (as it is in the case of magnetic monopoles) , or the form 
of extended structures, such as cosmic strings or cosmic walls. 

In the old Big bang scenario the cosmological expansion and its initial condi- 
tions was given a priori. In the modern cosmology the expansion of the Universe 
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and its initial conditions is related to the process of inflation. The global pro- 
perties of the Universe as well as the origin of its large scale structure are the 
result of this process. The matter content of the modern Universe is also origina- 
ted from the physical processes: the baryon density is the result of baryosynthesis 
and the nonbaryonic dark matter represents the relic species of physics of the 
hidden sector of particle theory. Physics, underlying inflation, baryosynthesis 
and dark matter, is referred to the extensions of the standard model, and the 
variety of such extensions makes the whole picture in general ambiguous. Ho- 
wever, in the framework of each particular physical realization of inflationary 
model with baryosynthesis and dark matter the corresponding model dependent 
cosmological scenario can be specifled in all the details. In such scenario the 
main stages of cosmological evolution, the structure and the physical content of 
the Universe reflect the structure of the underlying physical model. The latter 
should include with necessity the standard model, describing the properties of 
baryonic matter, and its extensions, responsible for inflation, baryosynthesis and 
dark matter. In no case the cosmological impact of such extensions is reduced to 
reproduction of these three phenomena only. The nontrivial path of cosmological 
evolution, speciflc for each particular realization of inflational model with baryo- 
synthesis and nonbaryonic dark matter, always contains some additional model 
dependent cosmologically viable predictions, which can be confronted with astro- 
physical data. The part of cosmoparticle physics, called cosmoarcheology, offers 
the set of methods and tools probing such predictions. 

Cosmoarcheology considers the results of observational cosmology as the sam- 
ple of the experimental data on the possible existence and features of hypothe- 
tical phenomena predicted by particle theory. To undertake the Gedanken Expe- 
riment with these phenomena some theoretical framework to treat their origin 
and evolution in the Universe should be assumed. As it was pointed out in [4] 
the choice of such framework is a nontrivial problem in the modern cosmology. 

Indeed, in the old Big bang scenario any new phenomenon, predicted by par- 
ticle theory was considered in the course of the thermal history of the Universe, 
starting from Planck times. The problem is that the bedrock of the modern 
cosmology, namely, inflation, baryosynthesis and dark matter, is also based on 
experimentally unproven part of particle theory, so that the test for possible ef- 
fects of new physics is accomplished by the necessity to choose the physical basis 
for such test. There are two possible solutions for this problem: a) a crude model 
independent comparison of the predicted effect with the observational data and 
b) the model dependent treatment of considered effect, provided that the model, 
predicting it, contains physical mechanism of inflation, baryosynthesis and dark 
matter. 

The basis for the approach (a) is that whatever happened in the early Uni- 
verse its results should not contradict the observed properties of the modern Uni- 
verse. The set of observational data and, especially, the light element abundance 
and thermal spectrum of microwave background radiation put severe constraint 
on the deviation from thermal evolution after 1 s of expansion, what strengthens 
the model independent conjectures of approach (a). 
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One can specify the new phenomena by their net contribution into the cosmo- 
logical density and by forms of their possible influence on parameters of matter 
and radiation. In the first aspect we can consider strong and weak phenomena. 
Strong phenomena can put dominant contribution into the density of the Uni- 
verse, thus defining the dynamics of expansion in that period, whereas the con- 
tribution of weak phenomena into the total density is always subdominant. The 
phenomena are time dependent, being characterized by their time-scale, so that 
permanent (stable) and temporary (unstable) phenomena can take place. They 
can have homogeneous and inhomogeneous distribution in space. The amplitude 
of density fluctuations 6 = Sg/g measures the level of inhomogeneity relative 
to the total density, g. The partial amplitude Si = Sgi/ gi measures the level of 
fluctuations within a particular component with density gi^ contributing into the 
total density g = gi. The case (5^ > 1 within the considered z-th component 
corresponds to its strong inhomogeneity. Strong inhomogeneity is compatible 
with the smallness of total density fluctuations, if the contribution of inhomoge- 
neous component into the total density is small: gi <C so that S 1. 

The phenomena can influence the properties of matter and radiation either 
indirectly, say, changing of the cosmological equation of state, or via direct in- 
teraction with matter and radiation. In the first case only strong phenomena 
are relevant, in the second case even weak phenomena are accessible to observa- 
tional data. The detailed analysis of sensitivity of cosmological data to various 
phenomena of new physics are presented in [3]. 

The basis for the approach (b) is provided by a particle model, in which infla- 
tion, baryosynthesis and nonbaryonic dark matter is reproduced. Any realization 
of such physically complete basis for models of the modern cosmology contains 
with necessity additional model dependent predictions, accessible to cosmoar- 
cheological means. Here the scenario should contain all the details, specific to 
the considered model, and the confrontation with the observational data should 
be undertaken in its framework. In this approach complete cosmoparticle physics 
models may be realized, where all the parameters of particle model can be fixed 
from the set of astrophysical, cosmological and physical constraints. Even the 
details, related to cosmologically irrelevant predictions, such as the parameters 
of unstable particles, can find the cosmologically important meaning in these 
models. So, in the model of horizontal unification [5], [6], [7], the top quark or 
B-meson physics fixes the parameters, describing the dark matter, forming the 
large scale structure of the Universe. 

To study the imprints of new physics in astrophysical data cosmoarcheology 
implies the forms and means in which new physics leaves such imprints. So, 
the important tool of cosmoarcheology in linking the cosmological predictions of 
particle theory to observational data is the Cosmophenomenology of new physics. 
It studies the possible hypothetical forms of new physics, which may appear as 
cosmological consequences of particle theory, and their properties, which can 
result in observable effects. 

The simplest primordial form of new physics is the gas of new stable massive 
particles, originated from early Universe. For particles with the mass m, at high 
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temperature T > m the equilibrium condition, n • av • t > 1 is valid, if their 
annihilation cross section a > l/(mmp;) is sufficiently large to establish the 
equilibrium. At T < m such particles go out of equilibrium and their relative 
concentration freezes out. More weakly interacting species decouple from plasma 
and radiation at T > m, when n • crv • t ~ 1, i.e. at Tdec ^ {cr'rnpi)~^ . The 
maximal temperature, which is reached in inflationary Universe, is the reheating 
temperature, T^, after inflation. So, the very weakly interacting particles with the 
annihilation cross section a < l/(T^mp;), as well as very heavy particles with the 
mass m:> Tr can not be in thermal equilibrium, and the detailed mechanism of 
their production should be considered to calculate their primordial abundance. 

Decaying particles with the lifetime r, exceeding the age of the Universe, tp, 
r > tp, can be treated as stable. By definition, primordial stable particles survive 
to the present time and should be present in the modern Universe. The net 
effect of their existence is given by their contribution into the total cosmological 
density. They can dominate in the total density being the dominant form of 
cosmological dark matter, or they can represent its subdominant fraction. In 
the latter case more detailed analysis of their distribution in space, of their 
condensation in galaxies, of their capture by stars. Sun and Earth, as well as of 
the effects of their interaction with matter and of their annihilation provides more 
sensitive probes for their existence. In particular, hypothetical stable neutrinos 
of the 4th generation with the mass about 50 GeV are predicted to form the 
subdominant form of the modern dark matter, contributing less than 0,1 % to 
the total density. However, direct experimental search for cosmic fluxes of weakly 
interacting massive particles (WIMPs) may be sensitive to the existence of such 
component [8], [9], and may be even favors it [9]. It was shown in [10], [11], 
[12] that annihilation of 4th neutrinos and their antineutrinos in the Galaxy 
can explain the galactic gamma-background, measured by EGRET in the range 
above 1 GeV, and that it can give some clue to explanation of cosmic positron 
anomaly, claimed to be found by HEAT. 4th neutrino annihilation inside the 
Earth should lead to the flux of underground monochromatic neutrinos of known 
types, which can be traced in the analysis of the already existing and future data 
of underground neutrino detectors [12]. 

New particles with electric charge and/or strong interaction can form an- 
omalous atoms and contain in the ordinary matter as anomalous isotopes. For 
example, if the lightest quark of 4th generation is stable, it can form stable 
charged hadrons, serving as nuclei of anomalous atoms of e.g. crazy helium [13]. 

Primordial unstable particles with the lifetime, less than the age of the Uni- 
verse, r < tp, can not survive to the present time. But, if their lifetime is 
sufficiently large to satisfy the condition r > (mpi/m) • (1/m), their existence 
in early Universe can lead to direct or indirect traces. Cosmological flux of decay 
products contributing into the cosmic and gamma ray backgrounds represents 
the direct trace of unstable particles. If the decay products do not survive to 
the present time their interaction with matter and radiation can cause indirect 
trace in the light element abundance or in the fluctuations of thermal radia- 
tion. If the particle lifetime is much less than Is the multi-step indirect traces 
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are possible, provided that particles dominate in the Universe before their de- 
cay. On the dust-like stage of their dominance black hole formation takes place, 
and the spectrum of such primordial black holes traces the particle properties 
(mass, frozen concentration, lifetime) [14]. The particle decay in the end of dust 
like stage influences the baryon asymmetry of the Universe. In any way cosmo- 
phenomenoLOGICAL chains link the predicted properties of even unstable new 
particles to the effects accessible in astronomical observations. Such effects may 
be important in the analysis of the observational data. 

So, the only direct evidence for the accelerated expansion of the modern 
Universe comes from the distant SN I data. The data on the cosmic microwave 
background (CMB) radiation and large scale structure (LSS) evolution (see e.g. 
[15]) prove in fact the existence of homogeneously distributed dark energy and 
the slowing down of LSS evolution at 2 ; < 3. Homogeneous negative pressure 
medium (H-term or quintessence) leads to relative slowing down of LSS evolu- 
tion due to acceleration of cosmological expansion. However, both homogeneous 
component of dark matter and slowing down of LSS evolution naturally follow 
from the models of Unstable Dark Matter (UDM) (see [3] for review), in which 
the structure is formed by unstable weakly interacting particles. The weakly in- 
teracting decay products are distributed homogeneously. The loss of the most 
part of dark matter after decay slows down the LSS evolution. The dominantly 
invisible decay products can contain small ionizing component [6]. Thus, UDM 
effects will deserve attention, even if the accelerated expansion is proved. 

The parameters of new stable and metastable particles are also determined 
by the pattern of particle symmetry breaking. This pattern is reflected in the 
succession of phase transitions in the early Universe. The phase transitions of the 
first order proceed through the bubble nucleation, which can result in black hole 
formation. The phase transitions of the second order can lead to formation of 
topological defects, such as walls, string or monopoles. The observational data 
put severe constraints on magnetic monopole and cosmic wall production, as 
well as on the parameters of cosmic strings. The succession of phase transitions 
can change the structure of cosmological defects. The more complicated forms, 
such as walls-surrounded-by-strings can appear. Such structures can be unsta- 
ble, but their existence can lead the trace in the nonhomogeneous distribution 
of dark matter and in large scale correlations in the nonhomogeneous dark mat- 
ter structures, such as archioles [16]. The large scale correlations in topological 
defects and their imprints in primordial inhomogeneities is the indirect effect of 
inflation, if phase transitions take place after reheating of the Universe. Inflation 
provides in this case the equal conditions of phase transition, taking place in 
causally disconnected regions. 

If the phase transitions take place on inflational stage new forms of primordial 
large scale correlations appear. The example of global U(l) symmetry, broken 
spontaneously in the period of inflation and successively broken explicitly after 
reheating, was recently considered in [17]. In this model, spontaneous U(l) sym- 
metry breaking at inflational stage is induced by the vacuum expectation value 
{'i/j) = / of a complex scalar field i? = V^exp (i^), having also explicit symmetry 
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breaking term in its potential Veb = ^^(1 — cos 9). The latter is negligible in the 
period of inflation, if f ^ A, so that there appears a valley relative to values of 
phase in the fleld potential in this period. Fluctuations of the phase 6 along this 
valley, being of the order of A6 ~ H/{27rf) (here H is the Hubble parameter 
at inflational stage) change in the course of inflation its initial value within the 
regions of smaller size. Owing to such fluctuations, for the fixed value of in 
the period of inflation with e-folding N = QO corresponding to the part of the 
Universe within the modern cosmological horizon, strong deviations from this 
value appear at smaller scales, corresponding to later periods of inflation with 
N < 60. If Oqo < 7T, the fluctuations can move the value of to > tt in some 
regions of the Universe. After reheating, when the Universe cools down to tem- 
perature T = A the phase transition to the true vacuum states, corresponding 
to the minima of Veb takes place. For On < ir the minimum of Veb is reached at 
9 vac = O 5 whereas in the regions with On > tt the true vacuum state corresponds 
to Oyde = 27t. For ^60 < 7T in the bulk of the volume within the modern cosmo- 
logical horizon Oyac = 0. However, within this volume there appear regions with 
9 vac = 27t. These regions are surrounded by massive domain walls, formed at the 
border between the two vacua. Since regions with Oyac = ^tt are confined, the do- 
main walls are closed. After their size equals the horizon, closed walls can collapse 
into black holes. The minimal mass of such black hole is determined by the con- 
dition that it’s Schwarzschild radius, Vg = 2GMj(? exceeds the width of the wall, 
I ~ f/A"^, and it is given by Mmin ~ The maximal mass is deter- 

mined by the mass of the wall, corresponding to the earliest region > ^r, ap- 
peared at inflational stage. This mechanism can lead to formation of primordial 
black holes of a whatever large mass (up to the mass of AGNs [18]). Such black 
holes appear in the form of primordial black hole clusters, exhibiting fractal dis- 
tribution in space [17]. It can shed new light on the problem of galaxy formation. 

Primordial strong inhomogeneities can also appear in the baryon charge dis- 
tribution. The appearance of antibaryon domains in the baryon asymmetrical 
Universe, reflecting the inhomogeneity of baryosynthesis, is the profound signa- 
ture of such strong inhomogeneity [19]. On the example of the model of spon- 
taneous baryosynthesis (see [23] for review) the possibility for existence of anti- 
matter domains, surviving to the present time in inflationary Universe with in- 
homogeneous baryosynthesis was revealed in [24] . Evolution of sufficiently dense 
antimatter domains can lead to formation of antimatter globular clusters [25]. 
The existence of such cluster in the halo of our Galaxy should lead to the pollu- 
tion of the galactic halo by antiprotons. Their annihilation can reproduce [26] the 
observed galactic gamma background in the range tens-hundreds MeV. The pre- 
diction of antihelium component of cosmic rays [27], accessible to future searches 
for cosmic ray antinuclei in PAMELA and AMS II experiments, as well as of an- 
timatter meteorites [28] provides the direct experimental test for this hypothesis. 

So the primordial strong inhomogeneities in the distribution of total, dark 
matter and baryon density in the Universe is the new important phenomenon 
of cosmological models, based on particle models with hierarchy of symmetry 
breaking. 
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The new physics follows from the necessity to extend the Standard model. 
The white spots in the representations of symmetry groups, considered in the 
extensions of the Standard model, correspond to new unknown particles. The ex- 
tension of the symmetry of gauge group puts into consideration new gauge fields, 
mediating new interactions. Global symmetry breaking results in the existence 
of Goldstone boson fields. 

For a long time the necessity to extend the Standard model had purely theo- 
retical reasons. Aesthetically, because full unification is not achieved in the Stan- 
dard model; practically, because it contains some internal inconsistencies. It does 
not seem complete for cosmology. One has to go beyond the Standard model to 
explain infiat ion, baryosynthesis and nonbaryonic dark matter. Recently there 
has appeared a set of experimental evidences for the existence of neutrino os- 
cillations (see for recent review e.g. [20], [21], [22]), of cosmic WIMPs [9], and 
of double neutrinoless beta decay [29]. Whatever is the accepted status of these 
evidences, they indicate that the experimental searches may have already crossed 
the border of new physics. 

In particle physics direct experimental probes for the predictions of particle 
theory are most attractive. The predictions of new charged particles, such as 
supersymmetric particles or quarks and leptons of new generation, are accessible 
to experimental search at accelerators of new generation, if their masses are in 
lOOGeV-lTeV range. However, the predictions related to higher energy scale 
need non- accelerator or indirect means for their test. 

The search for rare processes, such as proton decay, neutrino oscillations, 
neutrinoless beta decay, precise measurements of parameters of known particles, 
experimental searches for dark matter represent the widely known forms of such 
means. Cosmoparticle physics offers the nontrivial extensions of indirect and 
non-accelerator searches for new physics and its possible properties. In experi- 
mental cosmoarcheology the data is to be obtained, necessary to link the cos- 
mophenomenology of new physics with astrophysical observations (See [4]). In 
experimental cosmoparticle physics the parameters, fixed from the consitency of 
cosmological models and observations, define the level, at which the new types 
of particle processes should be searched for (see [30]). 

The theories of everything should provide the complete physical basis for 
cosmology. The problem is that the string theory [31] is now in the form of 
’’theoretical theory”, for which the experimental probes are widely doubted to 
exist. The development of cosmoparticle physics can remove these doubts. In its 
framework there are two directions to approach the test of theories of everything. 

One of them is related with the search for the experimentally accessible ef- 
fects of heterotic string phenomenology. The mechanism of compactification and 
symmetry breaking leads to the prediction of homotopically stable objects [32] 
and shadow matter [33] , accessible to cosmoarcheological means of cosmoparticle 
physics. The condition to reproduce the Standard model naturally leads in the 
heterotic string phenomenology to the prediction of fourth generation of quarks 
and leptons [34] with a stable massive 4th neutrino [10], what can be the sub- 
ject of complete experimental test in the near future. The comparison between 
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the rank of the unifying group Eq (r = 6) and the rank of the Standard model 
(r = 4) implies the existence of new conserved charges and new (possibly strict) 
gauge symmetries. New strict gauge U(l) symmetry (similar to U(l) symmetry 
of electrodynamics) is possible, if it is ascribed to the fermions of 4th generation. 
This hypothesis explains the difference between the three known types of neutri- 
nos and neutrino of 4th generation. The latter possesses new gauge charge and, 
being Dirac particle, can not have small Majorana mass due to sea saw mecha- 
nism. If the 4th neutrino is the lightest particle of the 4th quark-lepton family, 
strict conservation of the new charge makes massive 4th neutrino to be absolu- 
tely stable. Following this hypothesis [34] quarks and leptons of 4th generation 
are the source of new long range interaction (^-electromagnetism) , similar to the 
electromagnetic interaction of ordinary charged particles. New strictly conser- 
ved local U(l) gauge symmetries can also arise in the development of D-brane 
phenomenology [35], [36]. If proved, the practical importance of this property 
could be hardly overestimated. 

It is interesting, that heterotic string phenomenology embeds even in its 
simplest realisation both supersymmetric particles and the 4th family of quarks 
and leptons, in particular, the two types of WIMP candidates: neutralinos and 
massive stable 4th neutrinos. So in the framework of this phenomenology the 
multicomponent analysis of WIMP effects is favorable. 

In the above approach some particular phenomenological features of simplest 
variants of string theory are studied. The other direction is to elaborate the 
extensive phenomenology of theories of everything by adding to the symmetry 
of the Standard model the (broken) symmetries, which have serious reasons to 
exist. The existence of (broken) symmetry between quark- lepton families, the 
necessity in the solution of strong CP- violation problem with the use of broken 
Peccei-Quinn symmetry, as well as the practical necessity in supersymmetry to 
eliminate the quadratic divergence of Higgs boson mass in electroweak theory 
is the example of appealing additions to the symmetry of the Standard model. 
The horizontal unification and its cosmology represent the first step on this 
way, illustrating the approach of cosmoparticle physics to the elaboration of the 
proper phenomenology for theories of everything [7]. 

We can conclude that from the very beginning to the modern stage, the 
evolution of Universe is governed by the forms of matter, different from those we 
are built of and observe around us. From the very beginning to the present time, 
the evolution of the Universe was governed by physical laws, which we still don’t 
know. Observational cosmology offers strong evidences favoring the existence of 
processes, determined by new physics, and the experimental physics approaches 
to their investigation. 

Cosmoparticle physics [1] [2], studying the physical, astrophysical and cosmo- 
logical impact of new laws of Nature, explores the new forms of matter and their 
physical properties, what opens the way to use the corresponding new sources 
of energy and new means of energy transfer. It offers the great challenge for the 
new Millennium. 
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Abstract. Leptogenesis is studied within the seesaw neutrino mass model in a regime 
where all sterile neutrinos have prompt rather than delayed decays. It is shown that 
during neutrino thermal production lepton asymmetries are generated in both active 
lepton and sterile neutrino sectors. The large B — L asymmetry is slowly pumped into 
the chemically decoupled right-handed quarks and leptons and baryon number sector 
which later protect B — L from fast L violating processes. The dependence of the final 
baryon asymmetry on couplings and masses is totally different from the decay scenario. 
B does not vanish in the limit of degenerate light neutrinos and the observed asymmetry 
is naturally obtained for a sum of square masses, between the atmospheric neutrino 
mass gap and 0.2eV^. 



1 Introduction 

Leptogenesis is an attractive way of generating the baryon number of the Uni- 
verse [1]. The main idea put forward by Fukugita and Yanagida [2] is that a lep- 
ton number asymmetry can be produced in the decays of heavy sterile neutrinos 
into leptons and Higgs bosons and such an asymmetry is partially transferred 
to the baryon sector through electroweak sphaleron processes [3] that violate 
B and L but not B — L. The mechanism requires lepton number and CP vio- 
lation, ensured by neutrino Majorana masses and complex Yukawa couplings. 
Both masses and couplings form the well known seesaw model [4] of light neu- 
trino masses and thus establish a close relation between baryogenesis and low 
energy phenomenology. 

The third Sakharov condition [5], the departure from thermal equilibrium, is 
satisfied in the delayed decay scenario. It means here that the Majorana neutri- 
nos live longer than the age of the Universe when they approach non-relativistic 
temperatures and their production is Boltzmann suppressed. It turns out that 
such condition puts an upper bound on the natural order of magnitude of the 
light neutrino masses [6, 1] well below the mass scale indicated by the atmos- 
pheric neutrino anomaly [7]. This natural bound can be circumvented to some 
extent by fine-tuning the parameters to maximize the produced CP asymmetry 
but even so a quasi-degenerate light neutrino spectrum is excluded [8, 9]. 

As the seesaw provides a simple and elegant neutrino mass mechanism, it 
would be nice to have a naturally successful leptogenesis mechanism in the case 
where all heavy neutrinos have prompt rather than delayed decays. Given that 
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the heavy neutrino Majorana masses and Yukawa couplings provide the neces- 
sary B—L and CP violations the main concern is to satisfy the out-of-equilibrium 
condition. This is naturally achieved by assuming that the heavy sterile neutri- 
nos do not couple to the inflaton field and are only thermally produced during 
the radiation era from standard lepton and Higgs particles. Before the heavy 
neutrinos reach thermal equilibrium abundances a non-zero B — L asymmetry 
can in principle be generated. That is the subject of this paper. 

In the next section we describe the mechanism in more detail and in the 
following ones we present the main results concerning first, the generation of the 
primary B — L asymmetry and second, the protection mechanism that prevents 
B — L from being completely washed out when the lepton number violating reac- 
tions reach thermal equilibrium. In the last section we summarize the mechanism 
and make a brief discussion. 



2 Thermal Production - Prompt Decay Scenario 



The seesaw mechanism adds to the standard model singlet (left-handed) neu- 
trinos, Na^ with heavy Majorana masses and Yukawa couplings to the standard 
lepton and Higgs doublets, <;/>, of the form 

hiJiNa4> + + H.C. . (1) 

Spontaneous breaking of SU(2) x U(l) yields the light neutrino mass matrix 

(« = (<^°)) 

rriij = —{hM~^h^)ij . ( 2 ) 



The proper decay rate of Na into leptons and Higgs is Pa — (h^/i)aa-^a/87r. 
Delayed decay occurs when the ratio to the Hubble expansion rate, Ka = Pa/H^ 
is small at the temperature T = Ma- In the radiation era, H = 1.66 jMp^ 
where denotes the number of relativistic degrees of freedom, 107.5 in the 
standard model. It is enough to compare the sum 






tr[/lM-l/lt]i;2 

10-3 eV 



(3) 



with the light neutrino scale tr[m] to conclude that the delayed decay condition, 
Ka < 1, is in general in conflict with the atmospheric neutrino mass gap [7], 
Am? ^ 3 • 10~3eV^, which implies K > 50. Strictly speaking, the delayed 
decay scenario only requires that the lightest of the heavy neutrinos satisfies 
Ka < 1, and larger Ka values are tolerated for a certain choice of parameters 
that maximize the CP asymmetry [8, 9]. But that is not the most natural picture, 
in particular if the light neutrinos are quasi-degenerate [8, 9]. 

As it turns out, there is a simple modification of the original leptogenesis 
mechanism capable of realizing the out-of-equilibrium condition and producing 
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a large lepton asymmetry. According to the inflation paradigm [10], the radia- 
tion era starts when a scalar held, so-called inflaton, decays and transforms its 
energy into the form of particles so constituting the initial thermal bath. If ste- 
rile neutrinos do not couple to the inflaton, they can be only thermally produced 
from standard lepton and Higgs particles through Yukawa interactions. These 
processes are naturally out-of-equilibrium at very high temperatures and it takes 
some time before sterile neutrinos reach thermal equilibrium densities. During 
that period there is a clear departure from equilibrium and a, B — L asymmetry 
can be generated. 

In this scenario a primary lepton asymmetry is generated in the lepton 
doublet and sterile neutrino sectors. A fraction of it is transferred to the bottom 
bR, tau tr, charm cr and other right-handed fermions through slow Yukawa 
interactions. Another fraction is converted into baryon number by weak spha- 
leron processes. It is crucial for the survival of such baryon number and Br, 
'T~Ri cr^ ••• asymmetries that the heavy Majorana neutrinos decay and vanish 
from the Universe before the weak sphalerons or hR^ tr {cr) Yukawa couplings 
enter in equilibrium, which happens at a temperature around [11] 10^^ GeV 
(10^^ GeV). By that time the AL = 2 reactions mediated by off-shell Majorana 
neutrinos should also be out-of-equilibrium. In other words, the moment when 
the AL = 2 reactions freeze out determines which decoupled sectors or quan- 
tum numbers protect and store a fraction of the primary B — L asymmetry. 
Their rate relates to the sum of light neutrino square masses = tr[mm’^] 
as /2 ~ fh?T^ ! [12, 13]. They are out of equilibrium, i.e., P 2 lH < 1, at 
temperatures below 



^out 



0.04 eV^ 
fh? 



10^^ GeV . 



( 4 ) 



We assume of course that the masses Ma are larger than Tout so that the heavy 
neutrinos vanish above that temperature. ^out ~ 10^^ GeV (10^^ GeV) for neu- 
trino masses ffi^ = 0.04 (0.4 eV^), well above the atmospheric neutrino mass 
gap. As will be shown below, if < 0.2 eV^ then the baryon number sector 
and the right-handed quark bR have the dominant role in protecting B — L and 
producing the present baryon number of the Universe. If fh^ exceeds 0.2 eV^ 
that role would be played by the charm quark cr but not efficiently enough to 
produce the present baryon asymmetry. 



3 Generation oi B — L 

We assume that the Universe is initially empty of sterile neutrinos, not produced 
in the inflaton decay but only thermally from standard leptons and Higgs. For 
definiteness we assume a reheating temperature much higher than the neutrino 
masses. The dominant production reaction is the Higgs boson decay into leptons 
and neutrinos, 0 — allowed by a Higgs thermal mass, rri(f) = Xcf^T 
0.6 T [14], much higher than the lepton thermal masses. The Yukawa top quark 
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scattering processes like qtin hNa and other channels contribute to not more 
than 40 % of the total Na production rate. The Higgs boson proper decay rate 
into Na is = (h^h) aaTri(f)/lQ7r per isospin state. In the radiation era the 
initially zero neutrino densities ria converge to the fermion equilibrium density 
77,eq O.OOT^/tt^ with relaxation temperatures Ta ~ 0.35 

ria = ^eq (^1 ~ . (5) 

As a consequence of the prompt decay assumption, Ka ^70, sterile neutrinos 
reach thermal equilibrium while they are still ultra relativistic. 

Leptogenesis is dominated by the following CP asymmetric reactions: Higgs 
decays into leptons and sterile neutrinos, inverse decays and scatterings of leptons 
off neutrinos. The asymmetries result from the interference between the diagrams 
on the left side of Figure 1 with the absorptive part of the respective diagram 
on the right-hand side. Unitarity and CPT invariance impose constraints on 
the reaction rates such that when all particles are in thermal equilibrium the 
asymmetry source terms cancel each other [15, 16, 17]. Generically denoting the 
difference between the total rates of a reaction X ^ Y and its CP-conjugate 
X ^ y as A^{X -> y) (in a fixed comoving volume), the relevant constraints 
are expressed in terms of thermal equilibrium rates as: 

y Nali^eq A'j(^Nali ^ 4^)eq 
A^{Nak -> Ntlj)eq + Aj{N,lj ^ X,/ i)eq 

A'y{Nah 0)eq + Aj{Nah — > Xb/j)eq 

bj 

The evolution of the set of observables is governed by the Boltzmann 
equations, whose general structure is, integrating over a constant comoving vo- 



= 0, 


(6a) 


= 0, 


(6b) 


= 0 . 


(6c) 




Fig. 1. Diagrams contributing to the CP-asymmetries in decays, inverse decays and 
scatterings 



Leptogenesis in a Prompt Decay Scenario 



253 



lume, Qa — + {Qa)s' The first are transport terms and (Qa)s stand 

for source terms. The particle asymmetry sources vanish in thermal equilibrium 
but, as long as the Na neutrinos stay rarefied, scatterings and inverse decays do 
not match Higgs decays and particle asymmetries develop in the various lepton 
flavors, sterile neutrinos, and Higgs boson as well, as enforced by hypercharge 
conservation. The calculation of the source terms is simplified by employing 
Boltzmann rather than quantum statistics as is common practice. Relating the 
out-of-equilibrium and thermal equilibrium reaction rates as 7 = Jeq'^a/'^eq for 
JVaX y, and 7 = 7 eq for X NaV, one derives from the above CPT and 
unitarity constraints the li lepton number sources, 

{Li)s = AjiNJj ^ Nbh)e^ , ( 7 ) 

abj 

Aj{NJj NhkU - 

where q 0.1, Jijab = and is the Higgs abundance 

per isospin state. 

Sterile neutrinos also have lepton number, L = —1 for left-handed Na fields 
and L = H-1 for the conjugate Na- But what matters for particle propagation 
and transport of lepton number are the spin eigenstates rather than chiral sta- 
tes. When neutrinos are ultra relativistic, helicity and chiral states are almost 
identical, but when they are non-relativistic Majorana masses take over and lep- 
ton number vanishes. In fact, a positive (negative) helicity eigenstate has a well 
defined lepton number expectation value equal to the neutrino speed u {—u). 
Helicity is not an invariant quantity, however, there is a privileged reference 
frame, the comoving thermal bath rest frame. In that frame, isotropy ensures 
that the spin density matrix is diagonal in the helicity basis. This is not true in 
any other frame, and means that neutrinos can be divided in two populations of 
opposite helicities. 

Under the non-equilibrium conditions of the leptogenesis era the two neutrino 
helicity populations develop unequal abundances and net lepton numbers in 
much the same way as the standard leptons. From the same decay, inverse decay 
and scattering processes one derives the N\) lepton number source terms, 

{U)s = -rjv 53 ^ NbhU . (9) 

^eq 

aij ^ 

where rjsf is a coefficient estimated to be of the order but larger than unit. 
Summing both lepton and neutrino contributions, one obtains the total B — L 
asymmetry as a function of the temperature: 

where c ^ 2 ci{vn — 1)/7T ~ 0.1, Yf is the massless fermion thermal abundance 
and f{x) — 2 — {xP -h 2 a; 4 - 2 )e“^. 
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The other question is how fast Majorana masses erase lepton number. In a 
decay 0 lepton number suffers a variation AL = 2 \{ N a has positive 

helicity, which occurs with a branching fraction of about 10 It makes 

an average variation AL ^ 20 M^/T^ per decay and the Na production rates 
through Higgs decays are equal to i7T^/T with ^ ^KaMa- Thus, lepton 
number violation enters in equilibrium at a temperature ~ 
i.e., 



The AL = 2 scattering processes mediated by Majorana neutrinos like licj) 
that are so important when the Majorana neutrinos are non relativistic and 
even at lower temperatures when they are off-shell, are completely negligible 
in comparison with the Higgs boson decays AL = 2 transitions at relativistic 
temperatures. The relative strength is of the order of /if^/200. For constants Ka 
as large as 200 , the sterile neutrinos enter in thermal equilibrium at temperatures 
Ta ~ KaMa ~ 70Ma but the Majorana masses, i.e., the AL ^ 0 transitions 
only enter in equilibrium at Tin ~ 9 M 3 T^/S, where M 3 denotes the largest of 
the Majorana masses. Tin is quite smaller than the relaxation temperatures T^ 
and the larger the Ka constants are the smaller is Tin in comparison with T^. 

4 Protecting B — L 

At temperatures above Tin, B — L is not significantly damped and is slowly 
transferred via Yukawa interactions to the right-handed leptons and quarks, e^, 
Ui and di (with the exception of the top, very early in chemical equilibrium). 
The dominant processes are Higgs boson decays into leptons [14], ^ ki- 

nematically forbidden in the case of quarks due to comparable quark thermal 
masses [18], and scatterings like ^Ir ^ bR(j), ^ ^rIr. These processes 

generate the otherwise zero asymmetries = L^^ and = Bu^ — Bu^, 
Qdi = Bdi — Buji- For right-handed quarks, the contrast asymmetries with re- 
spect to the up quark ur are the appropriate charges because, contrary to the 
individual flavor asymmetries, they are conserved by QCD instantons [19] and 
are only violated by Yukawa couplings. Their growth rates are determined by 
the total Yukawa production rates, T^Y/*, of % = e^, d*, and degeneracy 

parameters rj — [i/T as. 



neglecting flavor violation and ur Yukawa coupling. T^ scale as the temperature 
and the ratios L^/H = T-^jT define equilibrium temperatures, T^, under which 
the respective detailed balance equations are enforced. We estimate T^ ^ 2 • 




( 11 ) 



Qsi — ~ V4> ~ V&i) ^SiYf , 

Qui — ‘^{Vqi V4' ~ Vui) , 

Qdi — ~ V<t> ~ Vdi) YdiYf , 



( 12 a) 

( 12 b) 

( 12 c) 
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10^^ GeV and 10^^ GeV. On the other hand, weak sphalerons transfer part 
of the B — L asymmetry to the baryon sector and the baryon number growth 
rate [20, 21, 22, 11] in a volume V is given by 

^ TD O 

= , (13) 



where Dsph is the sphaleron diffusion rate. 

The integration of the above equations requires knowing the relations bet- 
ween the chemical potentials and the leptogenesis sources given in equations (7) 
and (9). In general there is no direct relation because the partial particle asym- 
metries are not conserved due to flavor changing Yukawa couplings. As soon as 
the first neutrino, say AT^, is in equilibrium (T < Tc), the heavy neutrino and 
standard lepton flavors are rapidly violated enforcing their chemical potentials 
rji- to be identical: r]i. = 0. The Higgs communicates also its asymme- 
try to Ir and top quark doublet: rjq^ + ?7(/, — = 0. Because the Q asymmetries 

increase rapidly with time, initially as T“^, we concentrate on the latest pe- 
riod before Tin, where sterile neutrinos are already in equilibrium but Majorana 
masses do not violate lepton number fast enough to yield null neutrino chemical 
potentials. Equations (12a)-(13) can be written in the form 

=a^{B-L)- 10^^ GeY , (14) 

where the coefficients are constant in a radiation dominated Universe but 
depend on the all set of chemical potential constraints. Assuming that Tin lies 
above 10^^ GeV one obtains for and the baryon number, 0.48 and 

as ^ 0.24, respectively, while ~ 0 because rji- — 0. The integration 

in time gives asymmetries per unity of entropy equal to 



Qx 



2 • 10 a^- 

ah 



lm.[{h^h)ba? MaMb 
[{h^h)aa? TaT ^ 




(15) 



where g{x) = 2 -h (x -f 4 -|- 6/x)e~^ — 6/x. 

The Q asymmetries grow with T~^ {g 2) down to the temperature Tin < 
Ta where lepton number starts to be rapidly violated. Then, a new constraint is 
enforced, rji- + = 0, that would cause B — L and all the other asymmetries to 

vanish if there were no decoupled Q asymmetries. B — L falls down to the level 
of the dominant right-handed fermion asymmetries, or total baryon number, 
and is constrained to be a linear combination of them. They remain marginally 
damped as long as the respective Yukawa processes or weak sphaleron processes 
are slow, as implied by equations (12a)- (13). As the temperature drops down a 
new chemical potential constraint is enforced whenever any of these interactions 
enters in equilibrium and B — L falls down further becoming a linear combination 
of the remanescent set of decoupled asymmetries. The final B — L asymmetry is 
determined by the Q asymmetries that are still approximately conserved when 
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the B — L violating, AL = 2, processes become negligible. From then on B — L 
is exactly conserved. Assuming that this happens above 2 • 10^^ GeV, the bR 
Yukawa and weak sphalerons are still out of equilibrium and the final B — L 
asymmetry is dominated by the Qh and B contributions: 

B-L=^(23B + 72Qb- 2{L,^ + + L,,))* . (16) 



The stars mean that B^ and L*. are calculated from equation (15) at the 
temperature Tin ^ 10 M 3 and remain practically constant after that. The final 
B — L asymmetry is 



B-L 



8 ^ lm[{h^h)ba? MgMk {n\ 
A [{hfh)aa]‘^ TaTi^^\Tin) 



(17) 



As the temperature goes down and all right-handed leptons and quarks gra- 
dually enter in equilibrium B — L is redistributed among particles to eventually 
yield the present baryon number asymmetry Bq ^ ^{B — L) [13, 20 , 23]. One 
obtains B — L and baryon asymmetries at exactly the observed order of ma- 
gnitude, B — L > 10“^^ per unit of entropy, taking precisely the prompt decay 
ratio values indicated by the atmospheric neutrino evidence, Ka = Fa fH ~ 10 ^, 
without assuming any particular hierarchy between Yukawa couplings. 

In the solution described above B ~ L is mainly originated from the baryon 
number and bR asymmetry = B^^ — Bup^ • It assumes that AL = 2 reactions 
go out of equilibrium before the bR and weak sphaleron processes enter in equi- 
librium [ 11 ] at T 2 • 10^^ GeV. As equation (4) indicates this requires that 
the light neutrino mass scale iv? is not larger than 0.2 eV^, which is still one 
order of magnitude higher than the atmospheric neutrino mass gap. If goes 
beyond 0.2eV^, the charm cr replaces bR in the role of protecting B — L but 
0.03 is too small unless it is compensated by a strong hierarchy in the 
Yukawa coupling structure. 



5 Conclusions 

To conclude, leptogenesis can operate in a regime where all sterile neutrinos, 
including the lightest one, decay promptly when they vanish from the Universe. 
The light neutrino mass scale fh? = ^ determines the natural order of ma- 
gnitude of the final baryon asymmetry. First, values between the atmospheric 
neutrino mass gap and 0.2 eV^ imply that the heavy neutrinos decay promptly 
with ratios Ka = Fa/ H ~ 10 ^, and reach thermal equilibrium at temperatures 
10 times or more above their masses. During thermal production, B — L is gene- 
rated in both lepton and sterile neutrino sectors reaching the 10~^ level. Later, 
when the Majorana masses rapidly violate lepton number, B — L is effectively 
protected by the chemically decoupled bR quark and baryon number sector if, 
again, < 0.2 eV^, provided that the Majorana masses lie above the bR and 
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weak sphaleron equilibrium temperature around 2 • 10^^ GeV. Then, B — L falls 
down 3 orders of magnitude, which meets exactly the observed baryon number 
asymmetry B without any further conditions. 

The dependence of — L on the parameters of the theory is totally different 
from the delayed decay scenario. In the usual Mi <C M 2 , M 3 hierarchical case, the 
lepton asymmetry generated in Ni decays vanishes in the limit of degenerate light 
neutrinos and [ 8 , 9] is essentially proportional to the atmospheric neutrino mass 
gap and the imaginary part ImfOgi], where O 31 is an element of the orthogonal 
complex matrix O = iv rriu^^‘^U h that parametrizes the couplings hia, 

and mj/ = U m is the diagonalized neutrino mass matrix. On the contrary, in 
the thermal production regime B — L does not vanish in the degenerate limit and 
goes with lm[{0^ 0 ) 23 ]’ Equations (15) and (16) yield Br and B — L asymmetries 
of the required 10“^^ order for a wide range of parameters. They only depend 
on light and heavy neutrino mass ratios and matrix O. 

This work was partially supported by the FCT grant CERN /FIS/43666/2001. 
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Supernova Neutrino Oscillations: 
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Abstract. It has been realized that the shock wave propagation can produce inte- 
resting effects in the energy and time structure of the supernova (SN) neutrino signal. 
In the standard three- neutrino oscillation scenario, such effects crucially depend on the 
electron (anti) neutrino survival probability. The aim of this talk is to show that simple 
analytical approximations can replace numerical calculations of the survival probabi- 
lity for all practical purposes. Illustrative applications are also given, in terms of the 
positron spectra generated by SN electron antineutrinos through inverse beta decay. 



1 Introduction 



Observable effects of supernova (SN) neutrinos in underground detectors repre- 
sent a subject of intense investigation in astroparticle physics, both on general 
grounds and in relation to the SN1987A event. In particular, flavor oscillations 
in supernovae may shed light on the problem of neutrino masses and mixing, by 
means of the (potentially strong) associated matter effects. Recently, effects of 
the shock wave propagation on neutrino oscillations have been studied [1, 2, 3], 
and it has been shown that some characteristic signatures emerge as the shock 
propagates through the regions where matter-enhanced neutrino flavor conver- 
sion occurs. Such effects crucially depend on electron (anti) neutrino survival 
probability Pge- 

We propose an analytical approach, valid for oscillation parameters of pheno- 
menological interest, to calculate Pge including shock- wave propagation effects. 
This work is based on the results obtained in [4], to which we address the 
interested reader for further details. 

The plan of the talk is as follow. In Sec. 2 we present the analytical pre- 
scription for the calculation of Pge, based on an analytical expression of the 
neutrino crossing probability along the supernova shock potential. In Sec. 3 we 
present applications in term of antineutrino event spectra observables on the 
Earth through inverse beta decay. Finally, in Sec. 4 we draw the conclusion of 
our work. 
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2 Analytical Treatment 



2.1 3i/ Framework 

We assume the active oscillation scenario. In this framework, the Ziy squared 
mass spectrum is parametrized in terms of dm? = — m\{> 0) and Am? = 

ml — 77112 5 with |Z\m^| ^ 6m? ^ as indicated by current data. We define the 
case of Am^ > 0 {Am^ < 0) as normal (inverted) hierarchy. The elements of 
the mixing matrix Uei are parametrized in terms of two mixing angles (^ 13 , ^ 12 )- 
(t/ei, C/e 2 , t^es) = (cos 6 >i 2 COS ( 9 i 3 , sin 6 >i 2 COS 6 >i 3 , sin 6 >i 3 ) . 

As a consequence of the hierarchical assumption {\Am?\ > 5m^) and of the 
smallness of sin^ ^ 13 , the dynamics approximately reduces to the dynamics in 
two 2u subsystems, dominated by relatively low (L) and high {H) values of the 
matter density, according to parameter space factorization 

~ L 2 . ® = (Sm^, O 12 , V) ® {Am\ ^ 13 , V). (1) 

The corresponding “low” and “high” neutrino oscillation wavenumbers are defi- 
ned by kL = 6m? 1 2E and kn = Am? j2E^ respectively. 



2.2 Empirical Parametrization of the Shock Potential 

Potentially large matter effects are expected when either ki, or kn take values 
close to the neutrino potential V in matter, 

V=V2GFNe{x) , ( 2 ) 

where iVg is the electron density at the supernova radius x. In supernovae, V(x) 
is often approximated by a static power law progenitor profile, V{x) ~ x~'^ 
with 77 ^ 3. In the presence of a shock wave, however, such static profile can 
be significantly modified [ 1 , 2 ] by some essential features of the shock physics. 
In particular the shock wave, while propagating outwards at supersonic speed, 
leaves behind a rarefaction zone, followed by a high-density region and by a 
sharp drop of density (down to the static value) at Xg = shock front radius. At 
present, there are no analytical parametrizations or dense numerical tables of 
the shock potential profile in the available SN literature. We thus introduce a 
simplified, empirical parametrization of the shock potential profile V{x)^ which 
reproduces the main features of the graphical profile shown in [ 1 ], and, at same 
time, is continuous in both x and t [excepting the shock- front position x{t) — 
Xs{t)]. Figure 1 shows the neutrino potential V{x) as derived from the adopted 
parametrization ^ for representative post-bounce times > 1 s, as well as the 
static profile (t ~ 0). The horizontal bands represent the ranges of the two 
wavenumbers kn and kL^ for a representative energy interval E G [4, 70] MeV. 
As it can be seen in Fig. 1 a line at constant kn can intersect the V{x) profile 

See Eqs.(26)— (27) in [4] for the analytical expressions of the potential V{x). 
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neutrino potential profile 




Fig. 1. Neutrino potential V as a function of the supernova radius for different values 
of the post-bounce time as derived from our simplified parametrization of the profiles 
in [1] . The horizontal bands represent typical ranges of the neutrino wavenumbers kn 
and kL- 



in at most three points ordered as < X2 {< Xg) < xs^ and corresponding 
to level crossing probabilities Pi, P2, and P3. A further crossing probability Pg 
is related to the step-like feature of the profile at the shock front x = Xg 

2.3 Analytical Recipe 

Given the peculiar step-like features of the matter potential at the shock front, 
the analytical expressions of the crossing probabilities for x ^ Xg and x = Xg 
are different. In particular. Pi, P2 and P3 occur at points Xg) (i = 1 , 2 , 3 ), 
where the potential V{x) is smooth (i.e. with a finite gradient). In this case, the 
smallness of sin^ ^13 values suggests the well-known Landau-Zener (LZ) form for 
the crossing probabilities P^, 

^ In principle, the occurrence of the condition kL — V{xl) Sit some radius xl could also 
induce neutrino level crossings in the L subsystem. However, this latter condition 
has little phenomenological relevance and will be neglected hereafter. 
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Pi ~ exp(-27rriA;H sin^ 613 ) , 



( 3 ) 



where is the density of the scale factor, 

dlnVix) 

~ dx 

Conversely, Ps occurs at x = where the density gradient explodes (r^ 

0). In this case, the crossing probability Pg is determined by the conservation of 
flavor across the V (x) discontinuity, with the well-known result: 

Ps=sin'^{0+-e-), (5) 




where and are the effective mixing angles in matter immediately before 
{V = V~^) and after (V = V~) the shock front position respectively. 

Assuming that all relative neutrino phases can be averaged away, and that 
the four transitions can be exactly factorized, the overall crossing probability 
Ph can be defined in terms of a simple matrix equation 



( ^ - Ph Ph \ ^ TT f 1 — Pi Pi \ 

1 Ph I-PhJ 11 a Pi ^-Pi) ’ 



( 6 ) 



which can be easily solved, obtaining in this way the analytical expression of 

Ph=Ph{Pi,P^,Ps,Pz). 

The intrinsic accuracy of the factorization in Eq. (6) is not obvious a priori in 
the whole relevant parameter space. For such reason, we compare the analytical 
calculations of Ph with the results of a numerical (Runge-Kutta) evolution of 
the neutrino flavor propagation equations along representative shock potential 
profiles. In particular, we have performed this comparison both in the energy 
and in the time domain. 



2.4 Analytical ys Numerical Calculations of Ph 

Figure 2 shows our calculation of Ph{E) at flxed post-bounce time t = 4s, for 
five representative values of sin^^is, ranging from 10“^ (top) to 10~^ (bottom). 
In the left panels, a direct comparison is made between analytical calculations 
(solid curves) and Runge-Kutta numerical calculations (dots), performed at 5 x 
10^ equally-spaced points in the interval E e [0, 80] MeV. Both the analytical 
and the numerical calculations exhibit a complex structure due to the presence 
of multiple transitions. In particular, the results of the numerical calculations 
appear to be generally scattered around the analytical curve. The reason is 
that Runge-Kutta calculations keep track of the phase(s) of the level crossing 
amplitude(s), while our analytical approximations average out this information 
from the beginning. In the right panels of Fig. 2, the oscillating structure of 
the numerical results is averaged out by a convolution with a Gaussian function 
(with one-sigma width of ±1 MeV), which simulates a generic “smearing” process 
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Ph(E) (t = 4.0 s) 



no smearing 



with smearing 




Fig. 2. Comparison of numerical and analytical calculations of the crossing probability 
Ph{E) (dots and solid curves, respectively) at t = 4s and for five representative values 
of sin^ 0i3. In the right panels, phase effects are energy- averaged. 



(e.g., experimental energy resolution). The same convolution is applied to the 
analytical results. It can be seen that there is very good agreement between the 
two different (numerical and analytical) approaches after smearing. The results 
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of Fig. 2 show that analytical calculations of Ph coincide with phase- averaged 
numerical results with very good accuracy. 

The comparison between numerical and analytical calculation of Ph has also 
been performed in the time domain at fixed energy in [4]. Also in this case, 
phase averaging brings the numerical and analytical calculations in very good 
agreement at any t. From these results we conclude that the simple, analytical 
calculations summarized in Sec. 2.3 provide the correct phase- aver aged value of 
Ph as a function of both E and t. Therefore, time-consuming numerical estimates 
of neutrino transitions along the shock profile [ 1 , 2 ] can be accurately replaced 
by much faster and elementary calculations. This is one of the main results of 
our work. 

2.5 Analytical Expression 

for Electron (Anti) neutrino Survival Probability 

After the successful comparison between analytical and numerical calculation 
of Pf/, we consider the evaluation of survival probability Pge- The formal 
expression of P^e is simple (up to Earth matter effects and to small ^ 13 -dependent 
additive terms): 



' sin^ O 12 Ph normal), 
cos^ ^12 (T, normal), 

sin^ ^12 inverted), 

^ cos^ ^12 Ph (T, inverted). 



(7) 



where “normal” and “inverted” refer to the hierarchy type. From the above 
equations, it appears that Ph can modulate the (otherwise constant) survival 
probability of z/g in normal hierarchy and of in inverted hierarchy, thus pro- 
viding an important handle to solve the current hierarchy ambiguity. 



3 Impact on Observable Positron Spectra 

As an application of the analytical calculation of Pgg described in the previous 
section, we study the effect of the shock propagation on the time (and energy) 
spectra of positrons detectable at the Earth through the inverse beta-decay reac- 
tion Tg-hp ^ n-he+ in a Cherenkov detector. We assume a “standard” supernova 
explosion (see [4] for details). 

Figure 3 shows the drop in the positron event rate as a function of time and 
for four representative values of sin^ ^ 13 , ranging from 10“^ to 10“^. Four rates 
are displayed in each panel, integrated over consecutive 10 MeV energy bins. For 
normal hierarchy (dotted curves), the rates decrease according to the assumed 
exponential law. For inverted hierarchy (solid curves), the characteristic time 
structure of Pnit) is instead refiected in a characteristic deviation of the rate 
decrease with respect to a pure exponential drop. 
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02468 10 02468 10 12 

I (s) t (s) 



Fig. 3. Time dependence of the positron event rate (binned in specified energy inter- 
vals) for four representative values of sin^ ^ 13 . 



The experimental detection of such rather distinctive pattern would, at the 
same time: (i) provide a snapshot (if not a “movie”) of the shock wave propa- 
gation; (ii) prove that the neutrino mass hierarchy is inverted; and {Hi) put a 
significant lower bound on sin^ ^13. Each of these results would have a dramatic 
impact on our understanding of both supernova and neutrino properties. A ca- 
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veat is that that very high statistics would be needed to discriminate such time 
structures in real experiments. 

The effect of shock wave propagation on positron energy spectra for suc- 
cessive time bins has been evaluated for sin^ = 10 “^ for both normal and 
inverted hierarchy (see Fig. 7-8 in [4]). It appears that the shock passage can 
leave an observable, time-dependent spectral deformation, in the case of inverted 
hierarchy. 



4 Conclusions 

We have presented a simple analytical prescription to calculate Pge for u in SN, 
taking into account the shock wave propagation. This prescription, valid for both 
h' and V in either hierarchy, agrees very well with the numerical calculations. 

We have also analysed shock wave effects in energy and time structure of 
z/g signal in a Cherenkov detector. The shock wave induces peculiar spectral 
deformations. With high statistics, such effects might help to discriminate the 
mass hierarchy, to constrain ^ 13 , and to follow in real time the shock wave 
propagation. 
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Abstract. Recent experimental data provides evidence for neutrino masses and leads 
to the possibility of leptonic mixing and CP violation. In this work special attention is 
dedicated to CP violation in the leptonic sector both at low and at high energies in the 
framework of seesaw with only three righthanded neutrinos added to the Lagrangean of 
the Standard Model. It is shown that leptogenesis is a possible and likely explanation 
for the observed baryon asymmetry of the universe. In this case neutrino masses are 
constrained yet CP violating phases at low energies can only be related to CP violation 
at high energies in the context of specific models. 



1 Introduction 

Recent evidence for neutrino masses available from experiments with solar [1], 
[2] and atmospheric neutrinos [3] , reactor experiments [4] , [5] neutrinoless double 
beta decay searches [6] astrophysics and cosmology [7] [8] entails the possibility 
of leptonic mixing and CP violation both at low energies and at high energies. 
CP violation in the leptonic sector can have important cosmological implications 
playing a role in the generation of the observed baryon number asymmetry of 
the universe (BAU) through leptogenesis [9]. 

There are several possible ways of generating neutrino masses in the context 
of minimal extensions of the Standard SU{2) x U{1) Model. The most straight- 
forward one is the simple extension of the Standard Model (SM) by including 
one right handed neutrino per generation. In this case the number of fermionic 
degrees of freedom for neutrinos equals those of all other fermions in the theory, 
this fact may be viewed as adding elegance to the theory. This is the framework 
on which the work presented in this talk is based. Special emphasis will be given 
to general results obtained in [10] and [11] and at the same time an attempt 
is made to present some recent important results obtained by other authors. It 
should be pointed out that it is also possible to generate neutrino masses in 
such a framework without requiring the number of righthanded and lefthanded 
neutrino fields to be equal. 

It is well known that such an extension of the SM allows for the seesaw 
mechanism [12] to operate giving rise to three light and three heavy neutrinos of 
Major ana character as well as leptonic mixing and the possibility of CP violation 
in the couplings of these neutrinos to the charged leptons. The seesaw mechanism 
also provides a natural explanation for the smallness of neutrino masses. In this 
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framework one of the most plausible scenarios for the generation of BAU is 
the leptogenesis mechanism where a CP asymmetry generated through the out- 
of-equilibrium L- violating decays of the heavy Major ana neutrinos leads to a 
lepton asymmetry which is subsequently transformed into a baryon asymmetry 
by (B-hL)-violating sphaleron processes [13]. 

The possibility of CP violation in the leptonic sector both at low and high 
energies, i.e., in the charged current couplings of heavy neutrinos - with impli- 
cations for leptogenesis - and the charged current couplings of light neutrinos - 
with implications for low energy phenomenology that may possibly be observed 
in future experiments - raises the important question of whether it is possible to 
establish a direct connection between these two phenomena. This question is of 
special relevance and is related to another important one: If indeed BAU is gene- 
rated through leptogenesis how can it be proved? In the discussion that follows 
it will become clear that this connection cannot be established in general it can 
only be established in special frameworks. This was shown in [10], by making use 
of a special parametrization which made explicit the fact that it is possible to 
have low energy CP violation without CP violation at high energies (meaning no 
leptogenesis). In addition it was shown in [II] that viable leptogenesis is possible 
without low energy CP violation, i.e., no CP violation at low energies resulting 
either from Dirac or from Majorana phases. Several authors have addressed the 
same question in the context of specific models [14]. 

In the next section we introduce the general framework and give the number 
of independent CP violating phases present in the Lagrangean. We show how 
these phases can be parametrized, for three generations, still in a weak basis 
and we also indicate how they appear in the physical basis, through the seesaw 
mechanism, where three phases are relevant for CP violation at low energies. 
In section three we briefly present the conditions for viable leptogenesis with 
special emphasis in the case of hierarchical heavy neutrinos. We show that for 
three generations there are three CP violating phases on which leptogenesis 
depends. In section four we comment on the connection between CP violation 
at high energies and at low energies. Section five shows how to build weak basis 
invariant conditions allowing to determine whether a particular Lagrangean does 
violate CP without the need to go to the physical basis. Section six contains the 
conclusions. 



2 General Framework and Seesaw 



After spontaneous symmetry breaking, the leptonic mass term for the minimal 
extension of the SM, which consists of adding to the standard spectrum one 
right-handed neutrino per generation, can be written as: 



r — — 

— 



vlmv\ + CMv%^ + 



h.c. = 



-n^CM*riL + l^mil 



R 



+ h.c. 



( 1 ) 
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where m, M and rui denote the neutrino Dirac mass matrix, the right-handed 
neutrino Majorana mass matrix and the charged lepton mass matrix, respec- 
tively, and riL = (should be interpreted as a column matrix). In this 

minimal extension of the SM a term of the form does not appear 

in the Lagrangean and the matrix Ad is given by: 

with a zero entry on the (11) block. The right-handed Majorana mass term is 
SU{2) X U{1) invariant, consequently it can have a value much above the scale 
V of the elect roweak symmetry breaking, thus leading to the seesaw mechanism. 

The number of independent CP violating phases was identified for this case 
[15] as being equal to n{n — 1) with n the number of generations. For three 
generations this number equals six. In the most general case, without imposing 
rriL equal to zero and with n lefthanded neutrino fields, n' righthanded neutrino 
fields this number is given [16] by rm' -h . 

CP violation may be analysed either in a weak basis (WB) or in the physical 
basis. It is always possible to choose a WB where the matrices M and mi are 
simultaneously diagonalized, in this WB all CP violating phases appear in the 
matrix m. The matrix m can be written without loss of generality as the product 
of a unitary times a Hermitian matrix (polar decomposition) in this case it is 
clear how these six independent CP violating phases may appear in m: 

m = UH = P\U,PrP 0 ^H^Pp . (3) 

The matrices P are diagonal unitary, in general can have three phases in 
the diagonal which can be rotated away through a redefinition of the lefthanded 
leptons, Pr and P^ only have two phases each, JJq is a general unitary matrix 
with only one phase left, is a Hermitian matrix with two of its phases factored 
out. After rotating away P^ we are left with 

m = UsP^H^P 0 (4) 

with six phases ai, a 2 , cr, j3i and P 2 which cannot be eliminated. 

In order to go to the physical basis let us start from the WB where mi is 
already diagonal. The neutrino mass matrix Ad is diagonalized by the transfor- 
mation: 



V^M*V = V , (5) 

where V = diag (mj/j , , Mi ,^ , ) , with rrii/. and Mj/ . denoting the 

physical masses of the light and heavy Majorana neutrinos, respectively. It is 
convenient to write V and T> in the following block form: 



V = 



K R 
S T 



; V = 



d 0 

0£> 



( 6 ) 



270 



M.N. Rebelo 



From (5) and assuming the scale of M much higher than that of u, one obtains, 
to an excellent approximation: 

= d , (7) 

together with the following exact relation: 

R = mT^D-^ . ( 8 ) 

In the WB where the right-handed Major ana neutrino mass is also diagonal, it 
then follows, to an excellent approximation, that: 

R = mD-^ . (9) 

Equation (7) is the usual seesaw formula with K a unitary matrix. The neutrino 

weak-eigenstates are related to the mass eigenstates by: 

and thus the leptonic charged-current interactions are given by: 

+ h.c. ( 11 ) 

From (10), (11) we see that K and R give the charged- current couplings of char- 
ged leptons to the light neutrinos Vj and to the heavy neutrinos Nj , respectively. 
The unitary matrix RT, which contains all the information about CP violation 
at low energies, can be parametrized as: 

K = P^UsPe UsPe (12) 

with P^ = diag (exp(z^i), exp(i^ 2 ), exp(i^s)), and Pq = diag(l, exp(i^i) exp(z^ 2 )) 
leaving with only one phase as in the case of the Cabibbo, Kobayashi and 
Maskawa matrix. Since P^ can still be rotated away by a redefinition of the 
charged leptonic fields, K is left with three CP- violating phases, one of Dirac type 
Q and two of Majorana character 6\ and ^ 2 - The matrix K is the Maki, Nakagawa 
and Sakata mixing matrix [17]. The matrix R is of relevance for leptogenesis even 
though the out of equilibrium decay of the heavy Majorana neutrinos responsible 
for the generation of L 7 ^ 0 occurs in the symmetric phase, since it can be related 
to the inicial Yukawa couplings and the masses of the heavy neutrinos through 
( 8 ). It is clear from (9) that its entries are suppressed by 

3 Comment on General Conditions for Leptogenesis 

In this section, we identify the CP violating phases relevant for leptogenesis, 
obtained through the out of equilibrium decay of heavy Majorana neutrinos. We 
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have seen that there are six independent CP violating phases in the Lagrangean. 
Next we show which of these six independent CP violating phases contribute to 
lepton number asymmetry. Leptogenesis strongly depends on the masses of the 
heavy neutrinos and requires different conditions depending on whether these 
masses are hierarchical [18] or close to degenerate [19]. Thermal leptogenesis in 
the case of hierarchical heavy neutrinos only depends on four parameters [20]: 
the mass Mi of the ligthest heavy neutrino together with the corresponding CP 
asymmetry sni in their decays, as well as the effective neutrino mass fni defined 
as 



mi = {m^m)ii/Mi 



(13) 



in the weak basis where M is diagonal real and positive, and finally, the sum of 
all light neutrino mass squared, which controls an important 

class of washout processes. 

The computation of the lepton-number asymmetry, in this extension of the 
SM, resulting from the decay of a heavy Majorana neutrino into charged 
leptons if" {i = e, , r) leads to [21] : 









Mw‘ 



y] Im ((m^m)jfc(m^m)jfe) (^l(xk) + 

[(M,) 2 lm {{R^R)jk{R^R)jk) jD fl(xk) + j 



(mtm) 



3J 



k^j 






{R^R)jj 

(14) 



with the lepton- number asymmetry from the j heavy Majorana particle, 
defined in terms of the family number asymmetry AA^ i = i — N\ by : 









Ei [nU + Ni,) 



(15) 



Mk are the heavy neutrino masses, the variable X]^ is defined as Xk = and 
I[xk) = ^1 + (1 + Xk) log( , the sum in i runs over the three flavours 

i = e II r. From (14) it can be seen that the lepton-number asymmetry is only 
sensitive to the CP- violating phases appearing in m^m in the WB, where M and 
mi are diagonal (or equivalently in R^R). Making use of the parametrization 
given by (4) it becomes clear that leptogenesis is only sensitive to the phases (3i , 
/?2 and a. If these phases are zero m^m is real and no lepton number asymmetry 
is generated through the decay of heavy Majorana neutrinos. 

Successful leptogenesis would require £Ni of order 10~^, if washout processes 
could be neglected, in order reproduce the observed ratio of baryons to photons 
which is given by [7]: 



riB 



= (6.lt°i) X 10-1° . 



(16) 
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The computation of the effect of washout processes requires the integration of 
the full set of Boltzmann equations. Leptogenesis is a nonequilibrium process 
which takes place at temperatures T ^ Mi. This imposes an upper bound on 
the effective neutrino mass fni given by the “equilibrium neutrino mass” [22] 
[23] [24]: 



m* 



3^5 



Mpi 



(17) 



where Mpi is the Planck mass {Mpi = 1.2 x 10^^ Gev). The sum of all neutrino 
mass squared fn^ is constrained, to be below 0.21 eV [25]. Which implies an upper 
bound on all light neutrinos masses of 0.12 eV. Furthermore relaxing this upper 
bound to 0.4 eV already requires strong degeneracy of the heavy neutrinos [25]. 
It is interesting to note that these bounds are compatible [26] with the present 
constraints on | < m > | defined by: 

I < m > I = \miKf^ + ^2^12 + ^ 3 ^ 13 ! (18) 



obtained from neutrinoless double beta decay, for which the Heidelberg-Moscow 
Collaboration gives [6]: 

I < m > I = (0.05 - -0.84)eV . (19) 



The leptogenesesis scenario is an interesting explanation for BAU in agree- 
ment with all experimental data available at present. 



4 On the Connection between CP Violation at Low 
and High Energies 

The prospects of finding CP-violating effects at low energies, for instance in 
future neutrino factories, are extremely exciting. Yet it is important to notice 
that leptogenesis remains in principle a viable scenario even if there is no CP 
violation at low energies [11], conversely the observation of CP violation at low 
energies does not necessarily imply CP violation at high energies [10]. 

In the previous section it was shown that there is no leptogenesis for /?i, P 2 
and cr equal to zero. However the matrix rrieff = —m^rri^ which is diagonalized 
by the Vmns matrix, can still be complex in this case, due to the fact that there 
are three additional phases a\ and a 2 in the parametrization of m and these do 
not cancel out in m^/ / . Another simple way of reaching the same conclusion is by 
noting that any matrix can be diagonalized through a biunitary transformation 
and thus writing the matrix m in the form: 

m = UiUdU 2 (20) 

with the Ui unitary matrices and do a diagonal real matrix. If U2 is real m)m 
is also real and there is no leptogenesis. Yet rrieff which is given by 
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me// = = -U^UdU 2 D-^U 2 ^ doUi* (21) 

can be a complex matrix, even in the limit of U 2 real, requiring Vmns also 
complex. 

On the other hand from (7) we can write 

= {iK\/d){iKVdf (22) 

with y/d and diagonal real matrices such that y/dy/d — d, y/Dy/D = D 
it is clear that it is possible to choose the matrix m after replacing K by the 
expression given in (12) as [27]: 

m = iUgPey/dO^y/D , (23) 

is an orthogonal complex matrix, i.e. 0^0^^ = 1 but 0^0^^ ^ 1. Particu- 
larizing for 6 \ = 62 = ^ together with ^ = 0, there is no CP violation at low 
energies. Yet leptogenesis is sensitive to the combination m^m, which is given 
by: 

m)m = y/DO^UO^y/D ; (24) 

consequently, provided that the combination O^^d is CP- violating, we may 
have leptogenesis even without CP violation at low energies either of Dirac or 
Major ana type. 

Equation (20) is also useful to reach the same conclusion in a simple way. In 
this notation 

rri^m = U 2 ^dD^U 2 (25) 

and viable leptogenesis requires a complex U 2 matrix. In this case from (21) it 
is clear that, unless one chooses a special form for the Ui matrix, rrieff is in 
general complex and there is also CP violation at low energies. However it is 
obvious that it is always possible to choose Ui such that Vmns is real - this 
conclusion follows from the fact that both Ui and Vmns are unitary matrices 
and appear in adjacent positions in the diagonalization of rUeff so that U\ can be 
redefined to absorb the phases of VmnS' Furthermore this reasoning shows that, 
given a model with an arbitrary complex matrix m, in general one should expect 
manifestations of CP violation both at low and at high energies. The connection 
between these manifestations is model dependent and has been studied by many 
authors [14]. It is possible that all CP violating phenomena in nature have a 
common origin through a single phase in the vacuum expectation value of a 
complex scalar field [28]. 

5 Weak Basis Invariants and CP Violation 

Given a Lagrangean still written in a weak basis it is useful to be able to analyse 
whether or not there is CP violation without necessarily having to go to the 
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physical basis. For that purpose one must write WB invariant conditions which 
have to be verified in the case of CP conservation. 

Let us write the most general CP transformation which leaves the Lagrangean 
invariant [16]: 



CP/l(CP)^ = CPIr{CP)^ = V^°ci/ 

CPi/z,(CP)1' = C/7°CPI^ CPi/fl(CP)^ = W'y^CTm^ (26) 

where U, V, W are unitary matrices acting in fiavour space and where for not- 
ation simplicity we have dropped here the superscript 0 in the fermion fields. 
Invariance of the mass terms under the above CP transformation, requires that 
the following relations have to be satisfied: 



W'^MW = -M* 




(27) 


U^mW = m* 




(28) 


U^miV = mi* 




(29) 


From these equations one obtains: 


W'fhW = h* W^HW = H* 


U^hiU = hi* 


(30) 



where h — H = M'^ M and hi = mimi^ . It can be then readily derived, 

from (27), (30), through multiplications or commutators and applying traces 
(and determinants) that CP invariance requires, for instance: 

h = lmTr[hHM*h*M] = 0 

h = lmTr[hH‘^M*h*M] = 0 (31) 

Is = lmTT[hH‘^M^h*MH] = 0 

Since these li are WB invariant, they may be evaluated in any convenient WB. 
These conditions are sensitive to the phases /?i, (3i and a which are relevant for 
leptogenesis. Three additional interesting conditions can be obtained through the 
substitution oi hhy h = rn^hirn. The strength of CP violation at low energies, 
observable for example through neutrino oscillations, can be obtained from the 
following low-energy WB invariant: 

Tr[hef,hi]^ = 6zZ\2l4i324i3iIm{(/le/)l2(^e/)23(^e/)3l} (32) 

where hef = rrief frrief and A 21 = (m^^ — rrie^) with analogous expressions for 
^ 31 , ^ 32 - This invariant is analogous to the one written for the quark sector in 
the context of the standard model in [29] where this technique was first applied. 
Several different WB invariant conditions, useful in the leptonic sector, and for 
specific models have been built using the same technique [16] [30] 
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6 Conclusions 

Neutrino physics is a very lively subject both theoretically and experimentally. 
Several neutrino experiments are under study for the near future. From the 
theoretical point of view a lot of work is being done on fundamental questions 
such as the origin of leptonic masses and mixing [31]. Neutrino properties have 
important cosmological implications, for example, the possibility of leptogenesis. 
If leptogenesis is the origin of the observed baryon asymmetry of the universe 
this implies constraints on neutrino masses both of light and of heavy neutrinos. 
Leptogenesis is one of the most promissing scenarios, in part due to the fact that 
several other alternative proposals are on the verge of being ruled out. However 
it is likely that this will remain an open question still for some time. 
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Abstract. Solar neutrino measurements at the Sudbury Neutrino Observatory have 
provided strong evidence that neutrinos change flavour as they propagate from the 
center of the sun to the earth. This result, at the 5.3 sigma level, is independent of 
the details of the solar model as the heavy water detector measures both the electron 
neutrino flux and the total flux of neutrinos from the sun. A global solar neutrino 
analysis of matter enhanced neutrino oscillations strongly favours the Large Mixing 
Angle (LMA) solution. 



1 Introduction 

The Sudbury Neutrino Observatory has been built to study neutrinos from the 
sun and other astrophysical sources. It is a 1000 tonne heavy water Cerenkov 
detector located in a very low background laboratory 6800 feet underground in a 
nickel mine near Sudbury Ontario Canada. Deuterons in the heavy water enable 
the measurement of both the charged current and neutral current reactions on 
deuterium. We also measure the elastic scattering of neutrinos from the atomic 
electrons. We have measured the electron neutrino flux and total flux of solar 
neutrinos, arriving at the detector. We have recently reported the results of the 
first phase of the experiment, using pure D 2 O as the detection medium [1, 2, 3]. 
Measurements have been presented of the fluxes of electron neutrinos, the fluxes 
of all active neutrino types and the energy spectra for day and for night. These 
measurements have demonstrated that solar electron neutrinos, produced in the 
fusion reactions that power the sun, are oscillating between other flavors of 
active neutrino types in their path from the centre of the sun to our detector 
on the earth. This result is independent of the details of the solar models. Our 
measurements also give the total active neutrino flux of from ®B. The total flux 
measured is consistent with solar model predictions within the quoted errors. 

There are three phases to the experiment. The results from first phase with 
pure D 2 O have been published and this paper will discuss the implications of 
these results. The second phase has salt added to the heavy water to enhance 
the signal from the neutral current reaction. The data taking part of this phase 
is nearly complete. We shall discuss briefly the advantages of this phase in deter- 
mining the total neutrino flux from the sun. The third phase involves an array 
of ^He filled neutron detectors. The installation of these detectors is expected to 
be started later on this year. 
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2 Reactions in SNO 



SNO studies solar neutrinos through the following three complementary reac- 
tions. 





(CC) 




(NC) 


Ux l^x G 


(ES) 



In addition antineutrinos can be detected by the reaction 

The first, charged current (CC) reaction on deuterium occurs exclusively for 
electron neutrinos at solar energies. This reaction has the advantage that the 
recoil electron energy is strongly correlated with the incident neutrino energy, 
and thus can provide a good measurement of the energy spectrum. The 
CC reaction also has a weak angular correlation with the solar direction of (1- 
0.340(cos^q)) and a much larger cross section ( ~ 10 times larger) than the ES 
reaction. 

The second reaction on deuterium, also unique to the heavy water detector, 
is a purely neutral current process with a threshold of 2.2 MeV. This reaction 
has equal sensitivity to all neutrino flavors, and thus provides a direct, model- 
independent measurement of the total flux of active neutrinos from the Sun. 

The third reaction, the elastic scattering (ES) of electrons, has been used 
to detect solar neutrinos in other water Cerenkov experiments such as Super 
Kamiokande in Japan. It has the advantage that the recoil electron direction 
is strongly correlated with the direction of the incident neutrino (and hence 
the direction of the Sun). This reaction has some sensitivity to mu and tau 
neutrinos, but sees predominantly electron neutrinos as the cross-section for 
electron neutrinos is 6.5 times larger than that for mu or tau neutrinos. 

For both the ES and CC reactions, the recoil electrons are directly detected 
through their production of Cherenkov light. For this analysis there is a kine- 
tic energy threshold of 5 MeV in the SNO detector. For the NC reaction, the 
neutrons are not seen directly, but are detected if they capture on a deuteron. 
A 6.25 MeV gamma ray is emitted following neutron capture; the gamma-ray 
Compton scatters an electron that produces Cherenkov light and it this electron 
that is detected in SNO. 



3 The SNO Detector 

A schematic drawing of the SNO detector is shown in Figure 1 

The detector consists of 1000 tonnes of ultra-pure heavy water which is con- 
tained within a transparent acrylic vessel surrounded by 7000 tonnes of ultra- 
pure ordinary water for radiation shielding. The acrylic vessel is 12 m in diameter 
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Fig. 1. Diagram of SNO Detector. 



and the walls are 5 cm thick except at the waist, where the thickness is increa- 
sed to 10 cm. Neutrinos interacting in the heavy water will produce Cherenkov 
light, which is transmitted through the acrylic with little absorption. This light is 
viewed by about 9500 Hamamatsu photomultiplier tubes (PMTs) 20 cm in dia- 
meter mounted on a geodesic structure 18 m in diameter. These photomultipliers 
are equipped with light collectors which increases total effective photocathode 
coverage to ^ 55%. Approximately 100 PMTs look outward to provide a veto 
signal for charged particles passing through the detector. 

The detector is located in a large barrel-shaped cavity 22 m in diameter at 
the midpoint and about 34 m high, at a depth of 2070 m below surface in Inco’s 
Creighton mine near Sudbury, Ontario, Canada. The walls of the cavity have 
been lined with a 8 mm thick Urylon barrier impermeable to water and radon 
produced in the cavity walls. Clean room conditions have been established in the 
cavity; this was of great importance, particularly during the assembly as even 
small quantities of mine dust can cause unacceptable backgrounds. To reduce 
radioactive backgrounds in the detector materials were carefully selected for low 
U an Th content. The detector is in an operating mine, and SNO operations 
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must fit in with the mine production schedules. Details of the detector have 
been published [4] 



4 Results from Pure D 2 O Phase 

The data set used for the analysis of the pure D 2 O phase was recorded between 
November 2, 1999, and May 27, 2001. This resulted in 306.4 days of livetime, 
128.5 during the day and 177.9 during the night. After passing through various 
cuts we end up with 2928 events in the energy region selected for analysis, 5 
to 20 MeV. In this paper, we will discuss the overall results and their physics 
implications. 

Figure 2 shows data recorded during the pure D 2 O detector phase. Figure 2(a) 
shows the distribution of selected events versus the cosine of the angle between 
the Cherenkov event direction and the direction from the sun (cos^q), for an 
analysis threshold of Teff>5 MeV, and fiducial volume selection o^ R < 550 cm 
where R is the reconstructed event radius. Figure 2(b) shows the distribution 
of events versus the volume- weighted radial variable (R/Rav)^ where Rav = 
600 cm, is the radius of the acrylic vessel. Figure 2(c) shows the kinetic energy 
spectrum of the selected events. 

In order to test the null hypothesis, the assumption that there are only elec- 
tron neutrinos in the solar neutrino flux, the data are resolved into contributi- 
ons from CC, ES, and NC events above threshold using probability distribution 
functions (pdfs) in T@ff, cos^©, and (R/Rav)^? derived from Monte Carlo cal- 
culations and generated assuming no flavor transformation and the standard 
spectral shape. Background event pdfs are included in the analysis with fixed 
amplitudes determined by the background calibration. The extended maximum 
likelihood method used in the signal decomposition yields 1967.7^go!9 events, 
263,6]t25’6 ES events, and 576.5l4g’g NC events, where only statistical uncertain- 
ties are given. 

Systematic uncertainties on fluxes derived by repeating the signal decompo- 
sition with perturbed pdfs (constrained by calibration data) are shown in detail 
in reference [1] 

Normalized to the integrated rates above the kinetic energy threshold of 
Teff> 5 MeV, the flux of ^B neutrinos measured with each reaction in SNO, 
assuming the standard spectrum shape [6] is (all fluxes are presented in units of 
10^ cm-2s-i): 



= 1.76t°;0®(stat.)^°:°^9 (syst.) 

= 2.39t°;i(stat.)loi2 (syst.) 

= 5 . 09 i 5 ^;^^(stat.)lot 3 (syst.). 

Electron neutrino cross sections are used to calculate all fluxes. The CC 
and ES results reported here are consistent with the earlier SNO results [3], for 
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Fig. 2. (a) Distribution of cos 6 q for R < 550 cm. (b) Distribution of the volume 
weighted radial variable (JR/i?Av)^. (c) Kinetic energy for R < 550 cm. Also shown are 
the Monte Carlo predictions for CC, ES and NC + bkgd neutron events scaled to the 
fit results, and the calculated spectrum of Cherenkov background (Bkgd) events. The 
dashed lines represent the summed components, and the bands show drier uncertainties. 
All distributions are for events with Teff>5 MeV. 
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Teff>6.75 MeV. The excess of the NC flux over the CC and ES fluxes implies 
neutrino flavor transformations. 

A simple change of variables resolves the data directly into electron ((pe) and 
non-electron {(pf^r) components 

4>e = 1.76l:n^(stat.)^o;o9 (syst.) 

= 3.4lt^;^^(stat.)^o;45 (syst.) 

assuming the standard shape. Combining the statistical and systematic 
uncertainties in quadrature, (j)^r is which is 5.3a above zero, pro- 

viding strong evidence for flavor transformation consistent with neutrino os- 
cillations [7, 8 ]. Adding the Super-Kamiokande ES measurement of the 
flux [9] = 2.32 ± 0.03(stat.)^QQ7 (syst.) as an additional constraint, we find 

0/Ltr = 3-45 ^q 02 5 which is 5.5cr above zero. 

Figure 3 shows the flux of non-electron flavor active neutrinos vs the flux of 
electron neutrinos deduced from the SNO data. The three bands represent the 
one standard deviation measurements of the CC, ES, and NC rates. The error 
ellipses represent the 68 %, 95%, and 99% joint probability contours for ((/)e) and 

(0/ir)- 

Removing the constraint that the solar neutrino energy spectrum is undistor- 
ted, the signal decomposition is repeated using only the cos^q and {R/RavY 
information. The total flux of active ^B neutrinos measured with the NC reac- 
tion is 



= 6.421 J;^^(stat.)^o;58 (syst-) 

which is in agreement with the shape constrained value above and with the 
standard solar model prediction [5] for ^B, (f>ssM = si* 

The measured night and day fluxes (j)N and (!)]j were used to form the asym- 
metry ratio for each reaction: A — 2(0iv — 0 d)/(0at + 0d). The CC interaction is 
sensitive only to i/g. The NC interaction is equally sensitive to all active neutrino 
flavors, so active-only neutrino models predict Anc = 0- The same models allow 
% 0. The ES reaction has additional contributions from leading to a 
reduction in its sensitivity to asymmetries. 

The day and night energy spectra for all accepted events are shown in Fig. 4 
and the results of signal extraction given in Table 1. 

SNO’s day and night energy spectra (Fig. 4) have also been used to produce 
MSW exclusion plots and limits on neutrino flavor mixing parameters. MSW 
oscillation models between two active flavors were fit to the data. For simplicity, 
only the energy spectra were used in the fit, and the radial R and direction 
Cos theta information was omitted. This procedure preserves most of the abi- 
lity to discriminate between oscillation solutions. A model was constructed for 

^ This change of variables allows a direct test of the null hypothesis of no flavor 
transformation (0 ^t-=O) without requiring calculation of the CC, ES, and NC signal 
correlations. 
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Fig. 3. Flux of solar neutrinos which are /i or r flavor vs flux of electron neutrinos. 
The diagonal bands show the total flux as predicted by the SSM (dashed lines) 
and that measured with the NC reaction in SNO (solid band). The intercepts of these 
bands with the axes represent the zblcr errors. The bands intersect at the fit values 
for (f)e and indicating that the combined flux results are consistent with neutrino 
flavor transformation assuming no distortion in the ®B neutrino energy spectrum. 



the expected number of counts in each energy bin by combining the neutrino 
spectrum [6], the survival probability, and the cross sections [10] with SNO’s 
response functions [11]. 



Table 1. The results of signal extraction, assuming an undistorted ®B spectrum. The 
systematic uncertainties include a component that cancels in the formation of the A.. 
Except for the dimensionless A, the units are 10® cm“^ s“^. 



signal 


4>d 


<I>N 


A{%) 


CC 


1.62 zb 0.08 ±0.08 


1.87 ±0.07 ±0.10 


+14.0 ± e.sli;® 


ES 


2.64 ±0.37 ±0.12 


2.22 ±0.30 ±0.12 


-17.4 + i9.5j;2;2 


NC 


5.69 ± 0.66 ± 0.44 


4.63 ± 0.57 ± 0.44 


-20.4 ± 
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Fig. 4. (a) Energy spectra for day and night. All signals and backgrounds contribute. 
The final bin extends from 13.0 to 20.0 MeV. (b) Difference, night - day , between the 
spectra. The day rate was 9.23 ± 0.27 events/day, and the night rate was 9.79 ± 0.24 
events/day. 



There are 3 free parameters in the fit: the total flux (j)B^ the difference 
Am? between the squared masses of the two neutrino mass eigenstates, and the 
mixing angle 0. The flux of higher energy neutrinos from the solar hep reaction 
was fixed at 9.3 x 10^ cm“^ s~^ [12]. Contours were generated in Am? and 
tan^e for Ax^{c.L) = 4.61 (90%), 5.99 (95%), 9.21 (99%), and 11.83 (99.73%). 
Fig. 5(a) shows allowed mixing parameter regions using only SNO data with no 
additional experimental constraints or inputs from solar models. By including 
flux information from the Cl [13] and Ga experiments [14, 15, 16, 17], the day and 
night spectra from the SK experiment [9] , along with solar model predictions for 
the more robust pp, pep and ^Be neutrino fluxes [12], the contours shown in Fig. 
5(b) were produced. This global analysis strongly favors the Large Mixing Angle 
(LMA) region (see Table 2), and tan^ 0 values < 1. Repeating the global analysis 
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Fig. 5. Allowed regions of the MSW plane determined by a fit fo (a) SNO day 
and night energy spectra and (b) with additional experimental and solar model data. 
The star indicates the best fit. See text for details. 
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using the total SNO energy spectrum instead of separate day and night spectra 
gives nearly identical results. Recent results from Kamland , which observes anti- 
neutrino oscillations from reactors, have confirmed these oscillation parameters 
[18, 19], 



Table 2. Best fit points in the MSW plane for global MSW analysis using all solar 
neutrino data. is the best-fit flux for each point, and has units of 10® cm“^ s“^. 
Am? has units of eV^. Ae is the predicted asymmetry for each point. 



Region 


Xmin /dof 


4 >b 


Ae(%) 


Am? 


tan^ 6 


c.l.(%) 


LMA 


57.0/72 


5.86 


6.4 


5.0 X 10“® 


0.34 


— 


LOW 


67.7/72 


4.95 


5.9 


1.3 X 10“’' 


0.55 


99.5 



5 Phases 2 and 3 of SNO Experiment 

The second phase of the experiment started in June, 2001 when 2 tonnes of 
purified NaCl were added to the D 2 O to enhance the sensitivity to the detection 
of the NC reaction. The chlorine has a large cross section for the capture of 
neutrons from the NC reaction and there are a number of gammas produced 
after the capture whose energy totals about 8.6 MeV. 

It also makes possible a separate measurement of NC and CC reactions 
through the use of pattern recognition for the two reactions. The NC events 
involving capture on chlorine are much more isotropic (because of the emission 
of multiple low energy gamma rays) than the events from the CC reaction that 
produce a single electron with a characteristic Cherenkov cone of light. Figure 6 
shows a Monte Carlo simulation of the data for the two types of events and 
indicates the capability for separation of the NC and CC reactions. Then it is 
possible to use the separate fluxes for physics analyses. In addition, having an 
accurate, independent measure of the NC flux enables a better definition of the 
spectral shape for the CC reaction for spectral distortion. 

The addition of salt raises the neutron detection efficiency for neutrons pro- 
duced uniformly in the vessel to about 40% when both capture efficiency and 
threshold are included. It makes the radial dependence of neutron capture simi- 
lar to the CC dependence (i.e. flat within the fiducial volume). From the salt 
phase, it is expected that a NC flux analysis without constraining the CC shape 
will have systematic uncertainties somewhat reduced from those of the pure D 2 O 
phase, and statistical uncertainties of about 4% for the spectrum-unconstrained 
case, a substantial improvement over that available from pure D 2 O. 

Figure 7 shows a preliminary energy spectrum for the salt phase compared 
with the pure D 2 O phase. During the analysis of data for this phase a blindness 
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Fig. 6. Monte Carlo simulation of the mean pair angle for CC and NC events in the 
salt phase of SNO. 



condition has been imposed where an unknown number of neutron events pro- 
duced by muons interacting in the detector have been added to the data set. 
Therefore, the CC to NC ratio cannot be extracted for the data presented in 
these figures until the blindness criteria are removed. However, the increased 
energy and efficiency for events associated with the capture on chlorine can be 
observed, along with the increased isotropy compared to the data for the pure 
D 2 O phase. 

The third phase of SNO will enable an extraction of the NC flux from a com- 
pletely independent array of ^He-filled neutron detectors (referred to as Neutral 
Current Detectors or NCDs) placed in the heavy water. These will detect neu- 
trons from the NC reaction and the heavy water will detect neutrinos by the CC 
and ES reactions. It will also provide a good opportunity to extract a spectral 
shape from the CC reaction because the capture on ^He reduces the Cherenkov 
light from capture on deuterium that produces 6.25 MeV gamma rays, as well 
as providing a normalization for the neutron-capture contribution that remains. 
It is planned that the NCD’s will be installed during the latter half of 2003. 
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Compoiriflon of Salt end D^O Energy Spectra 




Fig. 7. Energy spectra for the salt phase of SNO, compared to the pure D 2 O phase. 
Note that extra neutron events have been added by the blindness process for the salt 
phase analysis. 
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Abstract. The K2K experiment observed indications of neutrino oscillation after 
250 km flight of I'fj,. The observed number of events in the data corresponding to 
4.8 X 10^^ protons on target is 56, while 80. is expected. Both the decrease of the 
events and observed spectrum shape distortion are consistent with neutrino oscilla- 
tion. The probability that the observations are statistical fluctuation of non oscillation 
is less than 1%. The allowed region of oscillation parameters is consistent with the 
one obtained from the atmospheric neutrino observation. After the accident of Super- 
Kamiokande (SK) detector, the reconstruction of SK has finished in 2002 and the K2K 
experiment resumed in December 2002. 



1 Introduction 

The KEK to Kamioka (K2K) experiment is the first accelerator-based long ba- 
seline neutrino experiment [1] to probe the same Am^ region as that explored 
with atmospheric neutrinos [2, 3]. The beam is produced at KEK and detec- 
ted by the Super-Kamiokande (SK) at a distance of 250 km. Primary purpose 
is a search for the disappearance. Number of events and energy spectrum are 
measured at SK and compared with expectation with or without oscillation to 
test the oscillation scenario. The experiment started in June 1999 and has been 
accumulating data for typically about 6 month in a year until July 2001. After 
the SK accident in Nov. 2001, the reconstruction work was done in 2002. In 
December 2002, the work finished and the K2K experiment resumed with about 
half density of PMT’s. In this paper, latest results based on the data collected 
before SK accident are presented [4]. Also current status, latest results from the 
new data and future prospect are described. 



2 Experiment 

The 12 GeV proton beam from the KEK proton synchrotron (KEK-PS) hits an 
aluminum target and the produced positively charged particles, mainly pions, 
are focused by a pair of electromagnetic horns [5]. Most of the focused pions 
enter and decay in flight in subsequent decay pipe of 200-m long. The neutrinos 
produced from the decays of these particles are 98% pure muon neutrinos with 
a mean energy of 1.3 GeV. High energy muons of > 5 GeV from pion decay pass 
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through a beam dump at the end of the decay pipe. The intensity and profile 
of the muons are measured by a MUMON, a segmented ionization chamber and 
silicon pad detectors placed behind the beam dump. They provide spill-by-spill 
monitoring of the beam direction and intensity. 

Properties of the neutrino beam just after the production are measured by 
a set of near neutrino detectors (ND) located 300 m from the proton target. 
The ND consists of two detector systems: a 1 kiloton water Cherenkov detector 
(IKT) and a fine-grained detector (FGD) system. The FGD is comprised of a 
scintillating fiber and water detector (SciFi) [6], a lead-glass calorimeter (LG), 
and a muon range detector (MRD) [7]. The measurements made at the ND are 
used to verify the stability and the direction of the beam, and to determine 
the flux normalization and the energy spectrum before the neutrinos travel the 
250 km to SK. 

The flux at SK is estimated from the measured one at ND by multiplying the 
Far/Near (F/N) ratio, the ratio of fluxes between the far detector (SK) to that 
of the ND. The ratio is estimated by the beam Monte Carlo (MC) simulation 
which is validated by measurements of a pion monitor (PIMON) placed just 
downstream of the second horn [8]. 

The neutrino energy is reconstructed from muon momentum and angle with 
respect to the neutrino direction, assuming quasi-elastic (QE) interactions -h 
n fi~ + p, and neglecting Fermi momentum: 

^ tunE^ - m ^/2 
"" rriN - + cos 0^ ’ 

where m^v, E/j,, P^ and 9^ are the nucleon mass, muon energy, the muon 
mass, the muon momentum and the scattering angle relative to the neutrino 
beam direction, respectively. Inelastic interactions with additional pion(s) asso- 
ciated (non-QE interaction) are possible background for the energy reconstruc- 
tion when the pions are not detected due to, eg., Cherenkov threshold. 

In Fig. 1, accumulated number of protons on target (POT) and number of 
protons per spill are plotted since the beginning of the experiment in 1999. The 
analysis is based on data taken from June 1999 to July 2001, corresponding to 
4.8 X 10^^ protons on target (POT). 



3 Neutrino Flux and Spectrum at the Near Site 

The flux normalization is measured by the IKT to estimate the expected number 
of events at SK. Since the IKT has the same detector technology as SK, most 
of systematic uncertainties on the measurement are canceled. Event selection 
criteria for the flux normalization are the same as those in reference[l]. The 
measurement has a 5% systematic uncertainty, of which the largest contribution 
comes from the vertex reconstruction[l]. 

The energy spectrum is measured by analyzing the muon momentum and 
angular distributions in both detector systems. In IKT, event sample of single- 
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Fig. 1. History of the beam since the beginning of K2K. (top) Accumulated protons 
on target (POT) and (bottom) number of protons on target/pulse averaged over 1 day. 



ring //-like {IRii) events which stop in the detector is used for the spectrum 
measurement. In the FGD, events containing one or two tracks with vertex 
within the 5.9 ton fiducial volume of the SciFi are used. The SciFi events are 
divided into three categories: 1-track, 2-track QE enhanced, and 2-track non- 
QE enhanced samples. The 2-track QE (non-QE) enhanced sample is selected 
by requiring the angle between the direction of the observed second track and 
a calculated direction of a proton assuming QE interaction to be < 25 (> 30) 
degrees. The 2-dimensional distributions of the muon momentum versus angle 
with respect to the beam direction of the four event categories (the IKT event 
sample and the three SciFi event samples) are used to constrain the neutrino 
spectrum. The MC expected distributions are fitted to the observed ones by 
adjusting the weighting factor on each energy bin in the neutrino spectrum and 
on non-QE/QE ratio {Rnqe)^ 

The at the best fit point is 227.2 with the degree of freedom 197. The 
best fit values of the flux weighting factors are shown in Table 1 and the best fit 
spectrum is plotted in Fig. 2 together with the beam MC prediction. The muon 
momentum and angular distributions of IRfi events in the IKT, and the muon 
momentum distributions of the 2-track QE enhanced and non-QE enhanced 
events in SciFi are overlaid with the re- weighted MC in Fig. 3. The fit result 
agrees well with the data. 

The F/N ratio from the beam simulation is used to extrapolate the mea- 
surements at the ND to those at SK. The errors including correlations above 
1 GeV, where the PIMON is sensitive, are estimated based on the PIMON 
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Table 1. The central values of the flux weighting factors for the spectrum fit at ND 
(^nd) and the percentage size of the energy dependent systematic errors on ^nd, F/N 
ratio, and esK- 



(GeV) 


^ND 


^(^nd) 


zi(F/N) 


4\(€sk) 


0-0.5 


1.31 


49 


2.6 


8.7 


0.5-0.75 


1.02 


12 


4.3 


4.3 


0.75-1.0 


1.01 


9.1 


4.3 


4.3 


1.0-1.5 


- 1.00 




6.5 


8.9 


1.5-2.0 


0.95 


7.1 


10 


10 


2.0-2.5 


0.96 


8.4 


11 


9.8 


2.5-3.0 


1.18 


19 


12 


9.9 


3.0- 


1.07 


20 


12 


9.9 



Neutrino Spectrum at KEK 




Fig. 2. Neutrino spectra measured by ND (points with error bars) and predicted by 
beam MC (solid histogram). They are normalized by area and the vertical axis is 
arbitrary. 
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Fig. 3. (a) The muon momentum distribution of the IKT IRjji sample, (b) the angular 
distribution of the IKT sample, (c) the muon momentum distribution of the SciFi 
QE enhanced sample, and (d) that of the SciFi non-QE enhanced sample. The crosses 
are data and the boxes are MC simulation with the best fit parameters. The hatched 
histogram shows the QE events estimated by MC simulation. 



measurements [ 8 ]. The errors on the ratio for E^, below 1 GeV are estimated 
based on the uncertainties in the hadron production models used in the K2K 
beam MC [1]. The diagonal elements in the error matrix for the F/N ratio are 
summarized in Table 1 . The detail of the near to far extrapolation is described 
in ref. [9]. 



4 Observation at SK and Oscillation Analysis 

The criteria to select neutrino beam events at SK are the same as those in the 
previous paper[l]: the event time within the time window of expected beam 
arrival, no activity in outer detector, energy deposit greater than 30 MeV, a 
reconstructed vertex within the 22.5 kiloton fiducial volume. This sample of 
events is referred to as the fully contained (FC) sample. The efficiency of this 
selection is 93% for CC interactions. Fifty-six events satisfy the criteria. The 
expected number of FC events at SK without oscillation is estimated to be 
8 O. 1 I 5 4 . The major contributions to the errors come from the uncertainties in 
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the F/N ratio ( l 5 o%) normalization (5.0%), dominated by uncertainties 

of the fiducial volumes due to vertex reconstruction both at the IKT and SK. 

An oscillation scenario with disappearance is tested by the maximum- 
likelihood method assuming two fiavor oscillation. In the analysis, both the 
number of FC events and the energy spectrum shape for IRfi events are used. 
The likelihood is defined as Ctotai = ^norm x ^ shape x Cgyst^ The normaliza- 
tion term Cnormi^obsj ^exp) Is the Poisson probability to observe Nobs events 
when the expected number of events is sin^ 2^, /). The shape term, 

^shape = \ sin^ 26 ^ /), is the product of the probability for each 

IRfi event to be observed at = Ei^ where P is the normalized E]f^ distri- 
bution estimated by MC simulation and is the number of IRji events. The 

term Cgyst is a constraint term for a set of parameters / with systematic errors. 

In the oscillation analysis, the whole data since June 1999 is used for >Cnorm? 
i.e. Nobs = 56. The data taken in June 1999 are discarded for Cghape^ The 
spectrum shape in June 1999 was different from that for the rest of the running 
period because the target radius and horn current were different. The estimation 
of errors on the spectrum has not been completed for this period. The discarded 
data correspond to 6.5% of total POT and the number of IR^ events observed 
excluding the data of June 1999 is 29. 

The parameters / consist of the weighting factor on neutrino spectrum mea- 
sured at the ND {^nd), the F/N ratio, the reconstruction efficiency {esx) of SK 
for IRjji events, Rnqe^ tho SK energy scale and the overall normalization. The 
errors on the first 3 items depend on the energy and have correlations between 
each energy bin. The diagonal parts of their error matrices are summarized in 
Table 1 as described earlier. The error on the SK energy scale is 3% [10]. 

The best fit point in the physical region of oscillation parameter space is 
found to be at (sin^ 2^, Z\m^)=(1.0, 2.8 x 10“^ eV^). At the best fit point the 
total number of predicted events is 54.2, which agrees with the observation of 
56 within statistical error. The observed E]^^ distribution of the IRji sample is 
shown in Fig 4 together with the expected distributions for the best fit oscil- 
lation parameters, and the expectation without oscillations. The no-oscillation 
probabilities are calculated to be 0.7% from the likelihood ratio between the 
best fit point to no-oscillation case. Allowed regions of oscillation parameters 
are drawn in Fig. 5. The 90% C.L. contour crosses the sin^ 2^ = 1 axis at 1.5 
and 3.9 x 10“^ eV^ for Am?. Also drawn in the figure is the log likelihoods as 
a function of Am^ at maximum mixing sin^ 2^ = 1 for normalization and shape 
terms separately. Both suppression of number of events and distortion of the 
spectrum indicate the same Am^ region. 



5 Latest Results and Status 

In Dec. 2002, the K2K experiment is resumed after the shutdown during the SK 
reconstruction (K2K-II run). The first part of the 2003 run has finished at the 
end of June and 2.5 x 10^^ POT has been delivered by the end of the run. The 
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Fig. 4. The reconstructed Eu distribution for IR/j, sample (from method 1). Points with 
error bars are data. Box histogram is expected spectrum without oscillations, where 
the height of the box is the systematic error. The solid line is the best fit spectrum. 
These histograms are normalized by the number of events observed (29). In addition, 
the dashed line shows the expectation with no oscillations normalized to the expected 
number of events (44). 



data from January to April 3rd, 2003, corresponding to 1.5 x 10^^ POT, has 
been analyzed. Observed number of fully contained events during that period is 
16 and the expected number of events is estimated to be 26.4l2 i- The ratio of 
observed to expected number of events is 0.61 ib 0.15 (stat. only) is consistent 
with the results from K2K-I, the first period of K2K run (June 1999 ~ July 
2001), 0.7 zb 0.09 (stat. only). 

In order to maximize the sensitivity on neutrino oscillation, precise know- 
ledge on the neutrino interactions at low energy of < 1 GeV is important. To 
improve ND sensitivity in low energy region, a full- active scintillator tracker, 
called SciBar detector, has been installed as a replacement of the LG detector. 
Detailed description of the SciBar is found elsewhere[ll]. The fiducial mass will 
be about 11 tons. The detector construction has finished at the end of August 
2003 and is now under commissioning in order to be in full operation from the 
next run starting at the end of September 2003. 
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Fig. 5. (Top) Allowed regions of oscillation parameters. Dashed, solid and dot-dashed 
lines are 68.4%, 90% and 99% C.L. contours, respectively. Solid lines are K2K results 
and the dashed lines are results of Super-Kamiokande atmospheric neutrino observa- 
tion. The best fit point is indicated by the stars. (Bottom) Log likelihood functions 
as a function of Am? at sin^ 2^ = 1. Solid, dashed and dotted lines are —InCtotai^ 
— \nC shape and — In Cnorm , respectively. 
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Fig. 6. Overview of the J-PARC Kamioka neutrino project (top) and sensitivity to i^t 
appearance (bottom). 
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In the current analysis, one of the sources of the dominant systematic error 
is the F/N ratio. The uncertainty comes from the error of the PIMON measu- 
rements. In order to improve the precision of the F /N ratio, hadron production 
from a replica of the K2K target was measured at the HARP experiment at 
CERN[12]. Analysis of the data is in progress. 

The K2K experiment will accumulate at least 10^^ POT. 



6 Next Generation Experiment — 

J-PARC Kamioka Neutrino Project 

The J-PARC, Japan Proton Accelerator Research Complex, is a high intensity 
proton accelerator facility which is being constructed at Japan Atomic Energy 
Research Institute in Tokai- village, about 60 km N.E. of KEK. A 50-GeV proton 
synchrotron in J-PARC will provide 750 kW beam power, about 2 order of 
magnitude higher than KEK-PS. 

New long baseline neutrino oscillation experiment is being planned in which 
the beam is produced by the 50-GeV beam and detected by SK [13]. The 
neutrino flight distance is 295 km. The locations are depicted in Fig. 6. 

Main goals of the experiment are: (1) discovery of z/g appearance, (2) precision 
measurement of oscillation parameters and eventually, (3) search for CP violation 
in lepton sector. As an example, the sensitivity to the z/g appearance search 
is shown in Fig. 6. The J-PARC experiment will extend more than factor 20 
compared to current upper bound from reactor neutrino experiments. 



7 Summary 

The K2K experiment observed the indication of neutrino oscillation. Observed 
number of events is 56 while expected one without oscillation is SO.llg’^. Both 
the number of observed neutrino events and the observed energy spectrum at SK 
are consistent with neutrino oscillation. The probability that the measurements 
at SK are explained by statistical fluctuation is less than 1%. The measured 
oscillation parameters are consistent with the ones suggested by atmospheric 
neutrinos. After long shutdown, K2K restarted on December 2002 and is accu- 
mulating data. New detector is installed in near site to improve the sensitivity 
of the experiment. The K2K experiment plans to accumulate 10^^ POT at least. 
Next generation high statistics and high sensitivity experiment is being planned. 
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Abstract. The HEIDELBERG-MOSCOW experiment operating 11kg of enriched 
'^^Ge in the GRAN SASSO Underground Laboratory, is one of the long-running un- 
derground experiments. It is the most sensitive double beta decay experiment since 
more than ten years. The measurement, and the analysis of the data taken from 2 
August 1990 - 20 May 2003, which has been performed in the second half of 2003, is 
presented here. The duty cycle of the experiment was ~80%, the collected statistics is 
71.7 kg y. The background achieved in the energy region of the Q value for double beta 
decay is 0.11 events/ kg ykeV. The two-neutrino accompanied half-life is determined on 
the basis of more than 100 000 events. The confidence level for the neutrinoless signal 
has been improved to a 4.2 (T level. Fundamental consequences of this first evidence 
for neutrinoless double beta decay is that total lepton number is not conserved^ and 
that the neutrino is a Majorana particle. The effective neutrino mass deduced is (0.2 - 
0.6) eV. Recent information from various independent sides seems to condense now to 
a nonvanishing neutrino mass of the order of the value found by the HEIDELBERG- 
MOSCOW experiment. This is the case for the results from CMB, LSS, SDSS, neutrino 
oscillations, tritium beta decay, particle theory and cosmology. 



1 Introduction 

Since 40 years huge experimental efforts have gone into the investigation of 
nuclear double beta decay which probably is the most sensitive way to look for 
(total) lepton number violation and probably the only way to decide the Dirac or 
Majorana nature of the neutrino. It has further perspectives to probe also other 
types of beyond standard model physics. This thorny way has been documented 
recently in some detail [36, 72]. 

With respect to half-lives to explore lying, with the order of 10^^ years, in 
a range on ’half way’ to that of proton decay, the two main experimental pro- 
blems were to achieve a sufficient amount of double beta emitter material (source 
strength) and to reduce the background in such experiment to an extremely low 
level. In both directions large progress has been made over the decades. While 
the first experiment using source as detector [62] , had only grams of material to 
its disposal (10.6 g of CaF 2 ), in the last years up to more than 10 kg of enriched 
emitter material have been used. Simultaneously the background of the experi- 
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ments has been reduced strongly over the last 40 years. For example, compared 
to the first Germanium / 3/3 experiment [84], working still with natural Germa- 
nium, containing the double beta emitter only with 7.8%, 40 years later 

the background in the HEIDELBERG-MOSCOW experiment is reduced by a 
factor of lO'^. 

Nevertheless experiments have to run over years to collect sufficient stati- 
stics and this led to other experimental challenges: stable data acquisition and 
calibration over long time periods (more than a decade in the HEIDELBERG- 
MOSCOW experiment). The final dream behind all these efforts was less to 
see a standard-model allowed second-order effect of the weak interaction in the 
nucleus - the two-neutrino-accompanied decay mode - which has been observed 
meanwhile for about 10 nuclei - but to observe neutrinoless double beta decay, 
and with this a first hint of beyond standard model physics, yielding at the same 
time a solution of the absolute scale of the neutrino mass spectrum. 

In this contribution we describe how these challenges have been mastered in 
the HEIDELBERG-MOSCOW experiment, which is running in the Gran Sasso 
Underground Laboratory since August 1990, and which is now, together with the 
R. Davis solar neutrino experiment [64], the Baksan Neutrino Scintillation 
telescope [65] which saw together with Kamiokande and IMB the first Superno- 
vae neutrinos [66, 67], Kamiokande and SuperKamiokande [68], Gallex (GNO) 
[69] and SAGE [69], and DAMA [107], one of the long-running underground 
experiments. 

In our last publications [5, 3, 4] we presented an analysis of the data taken 
until May 2000. Since then we have taken three more years of data. In this 
contribution we report the result of the measurements over the full period August 
1990 until May 2003 and also the analysis of these full data, which has been 
performed in the second half of 2003 (see [1, 2]). 

The better quality of the new data and of the present analysis, which has been 
improved in various respects, allowed us to significantly improve the investigation 
of the neutrinoless double beta decay process, and to deduce more stringent 
values of its parameters. 



2 Performance of the Experiment and Data Taking 

2.1 General 

The HEIDELBERG-MOSCOW experiment, proposed already in 1987 [7] is loo- 
king, with enriched Germanium detectors, for double beta decay of since 
August 1990 in the Gran Sasso Underground Laboratory. It is using the largest 
source strength of all double beta experiments at present, and has reached a 
record low level of background, not only for Germanium double beta decay se- 
arch. It has demonstrated this during more than a decade of measurements and 
is since ten years the most sensitive double beta decay experiment worldwide. 
The experiment is since 2001 operated only by the Heidelberg group, which also 
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performed the analysis of the experiment from its very beginning. The HEIDEL- 
BERG-MOSCOW experiment has been regularly continued until November 30, 
2003. At that time it had to be stopped according to contract. Unfortunately the 
Kurchatov institute did not agree to prolong the contract. The experiment pre- 
sented - as a long-running low-level underground experiment - specific extreme 
challenges concerning e,g. stability of the data acquition and the background 
reduction. 

In this contribution we give a description of the experimental procedure, 
concentrating on the specific features and challenges of the data acquisition and 
background reduction, present the data taken until May 20, 6:57, 2003 - with 
a total statistics of 56.66 kg y for the period November 1995 - May 2003 and of 
71.71 kg y for the period August 1990 - 2003, and we present their analysis. 

The experiment is carried out with five high-purity p-type detectors of Ge en- 
riched to 86% in the isotope '^^Ge (in total 10.96 kg of active volume). These were 
the first enriched high-purity Ge detectors ever produced. It should be stressed 
that by the procedure of zone-refinement, used for production of the high-purity 
Germanium single-crystals, such detector material probably is the cleanest ma- 
terial of any kind, which has ever been produced in commercial volume (impurity 
level as low as ~ 10^ atoms/cm^). Since impurities tend to be more soluble in 
the molten germanium than in the solid, impurities are transfered to the molten 
zone and are swept from the sample (see e.g. [48]). So, the experiment starts 
from the cleanest thinkable source of double beta emitter material, which at the 
same time is used as detector of /3/3 events. 

Some description of the experimental details has been given already in [8, 9, 
10]. In this paper we give some new extended information on the most important 
points. 

1. Since the sensitivity for the f)v(3l3 half-life is 



(and ~ with a denoting the degree of enrichment, e the efficiency 

of the detector for detection of a double beta event, M the detector (source) 
mass, AE the energy resolution, B the background and t the measuring time, 
the sensitivity of our 11kg of enriched ^^Ge experiment corresponds to that of 
an at least 1.2 ton natural Ge experiment. After enrichment - the other most 
important parameters of a j3[3 experiment are: energy resolution, background 
and source strength. 

2. The high energy resolution of the Ge detectors of 0.2% or better, assu- 
res that there is no background for a 0u(3l3 line from the two- neutrino double 
beta decay in this experiment, in contrast to most other present experimental 
approaches, where limited energy resolution is a severe drawback. 

3. The efficiency of Ge detectors for detection of 0u/3l3 decay events is close 
to 100% (95%, see [32](a)). 

4. The source strength in this experiment of 11kg is the largest source 
strength ever operated in a double beta decay experiment. 




( 1 ) 
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5. The background reached in this experiment, is 0.113±0.007 events/kg ykeV 
(in the period 1995-2003) in the 0iy(3p decay region (around Q^^). This is the 
lowest limit ever obtained in such type of experiment. 

6. The statistics collected in this experiment during 13 years of stable running 
is the largest ever collected in a double beta decay experiment. The experiment 
took data during ~ 80% of its installation time. 

7. The Q value for neutrinoless double beta decay has been determined re- 
cently with high precision [44, 45, 46, 47]. 

2.2 Experimental Details 

2.2.1. Active Mass, Enrichment, Shielding 

All detectors (whose technical parameters are given in Table 1 , see [8] ) , are enri- 
ched in to 86-88% (natural abundance 7.8%). The degree of enrichment has 
been checked by investigation of tiny pieces of Ge after crystal production using 
the Heidelberg MP-Tandem accelerator as a mass spectrometer. The detectors, 
except detector No. 4, are operated in a common Pb shielding of 30 cm, which 
consists of an inner shielding of 10 cm radiopure LC2-grade Pb followed by 20 
cm of Boliden Pb. The whole setup is placed in an air-tight steel box and flushed 
with radiopure nitrogen in order to suppress the contamination of the air. 

The shielding has been improved in the course of the measurement. The steel 
box is since 1994 centered inside a 10-cm boron- loaded polyethylene shielding 
to decrease the neutron flux from outside. An active anticoincidence shielding is 
placed on the top of the setup since 1995 to reduce the effect of muons. Detector 
No. 4 is installed in a separate setup, which has an inner shielding of 27.5 cm 
electrolytical Cu, 20 cm lead, and boron-loaded polyethylene shielding below the 
steel box, but no muon shielding. Fig. 1 gives a view of the experimental setup. 

Table 1. Technical parameters of the five enriched detectors. 





Total 


Active 


Enrichment 




Detector 

Number 


Mass 

[kg] 


Mass 

[kg] 


in ’■®Ge 
[%] 


PSA 


No. 1 


0.980 


0.920 


85.9 ± 1.3 


no 


No. 2 


2.906 


2.758 


86.6 zb 2.5 


yes 


No. 3 


2.446 


2.324 


88.3 zb 2.6 


yes 


No. 4 


2.400 


2.295 


86.3 zb 1.3 


yes 


No. 5 


2.781 


2.666 


85.6 zb 1.3 


yes 



The setup has been kept hermetically closed since installation of detector 5 
in February 1995. Since then no radioactive contaminations of the inner of the 
experimental setup by air and dust from the tunnel could occur. Before this time 
the shielding of the experiment was opened several times to add new detectors. 
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Fig. 1. The HEIDELBERG-MOSCOW /5/5-experiment in the Gran Sasso (top), and 
four of the enriched detectors during installation (bottom left). The fifth detector is 
installed in an extra shielding using electrolytic copper as inner shield (bottom right). 



2.2.2. Control of Stability of the Experiment and Data Taking 

To control the stability of the experiment, a calibration with a and a 

has been done weekly. High voltage of the detectors, temperature 
in the detector cave and the computer room, the nitrogen flow flushing the 
detector boxes to remove radon, the muon anticoincidence signal, leakage current 
of the detectors, overall and individual trigger rates are monitored daily. The 
energy spectrum is taken in parallel in 8192 channels in the range from threshold 
up to about 3 MeV, and in a spectrum up to about 8 MeV. 

Data taking since November 1995 is done by a CAMAC system, and CE- 
TIA processor in event by event mode. To read out the used 250 MHz flash 
ADCs of type Analog Devices 9038 JE (in DL515 modules), which allow digital 
measurement of pulse shapes for the four largest detectors, a data acquisition sy- 
stem on VME basis has been developed [32] (c). The resolution of the FADC’s is 
8 bit, and thus not sufficient for a measurement of energies. The energy signals 
for high and low-energy spectra are recorded with 13 bit ADC’s developed at 
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Fig. 2. The electronics used in the HEIDELBERG-MOSCOW experiment (see [32] (c)). 



MPI Heidelberg. The preamplifier signal, which is proportional to the collected 
charge, is differentiated by Timing Filter Amplifieres (TFA’s). Every 4 nsec the 
voltage read at the TFA’s is recorded. In the event by event mode also the other 
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parameters of each event such as time, voltage at the detectors, temperature 
at three measuring points, information from muon shield and other parameters 
of the electronic crates are recorded, such as ADC values. For this purpose a 
monitor card developed at MPI containing four 12 bit digital- analog converters, 
four TTL signal exits and a fast digital-analogue converter (10 nsec rise time) is 
used. The recorded time development of each event (pulse shape) is then ana- 
lysed later off-line. Fig. 2 shows schematically the electronics used (since 1995). 
For details we refer to [32] (c). To have an additional quantitive check for the 
quality of each pulse, the ’Energy over Integral’ (Eol) value was calculated by 
dividing the deposited energy in the ADC by the area of the pulse in the timing 
channels. The acquisition system used until 1995 (VAX/ VMS) did not allow to 
measure the pulse shapes of all detectors because of the too low data transfer 
rates. 

After conversion of the original binary files, the data for each event are stored 
in ASCII format: the number of the event, the identification number of the 
detector in which the event occurred, the time of the event, the time since the 
last muon veto signal (if less than 20/is^ otherwise zero), the Energy over Integral 
value, the results of the network obtained from the single SSE library, the result 
of the network obtained with mixed SSE library [31], the rise time of the event 
and finally the broad value of the analysis method of [29, 30]. 

In total we took 2142 runs (10 513 data sets for the five detectors) since 1995 
{without calibration measurements), the average length of which was about one 
day. 

From these raw data runs and data sets only those are considered for further 
analysis which fulfill the following conditions: 

1. no coincidence with another Ge detector; 

2. no coincidence with plastic scintillator (muon shield) (see Fig. 3); 

3. no deviation from average count rate of each detector more 
than zh5cr (see Fig. 4); 

4. only pulses with ratios of the energy determined in the spectroscopy branch, 
and the area under the pulse detected in the timing branch (Eol values [31]), 
within a zb3cr range around the mean value for each detector are accepted 
(see Fig. 5); 

5. we ignore for each detector the first 200 days of operation, corresponding to 

about three half-lifes of {T^J^=77 ,27 , to allow for some decay 

of short-lived radioactive impurities; 

6. ADC’s or other electronics units were working properly (corrupted data are 
excluded) . 

Table 2 gives an overview of the classification of the raw data. 

After rejection of corrupted runs (792 runs, ~9.7% of the data, see Table 
2) there remain 858 491 events. After rejection of events being coincident with 
other Ge detectors and with muon shield (in total 25 470 events) we have 
833 021 events. Excluding runs with a deviation of the average rate of each 
detector, by more than ±5cr, we have 800 099 events, and rejecting events with 
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Fig. 3. Abundance of coincidences between muon-detector and Ge detectors, in the 
period 1995-2003. Shown is the time difference between signals from a detector and from 
muon shield (the latter electronically delayed). The peak at ~2.2/isec corresponds to 
muon-shield- Ge-detector coincidences. Excluded from analysis as muon-induced events 
are signals within the range 1-5 /isec. 



not proper Eol value leaves finally 786 652 events. From these we find in the 
range 2000 to 2060 keV around Q/ 3/3 - 562 events. 

2.2.3. Q Value 

The expectation for a 0ul3f3 signal would be a sharp line at the Q value of the 
process. Earlier measurements gave = 2040.71 ± 0.52, [47] 2038.56 ± 0.32 
[45] and 2038.668 dz 2.142 keV [46]. The recent precision measurement of [44] 
gave a value of 2039.006 ± 0.050 keV. 

2.2.4. Time Structure of the Events 

In addition to the total spectrum, the time structure of the pulses have been 
measured for later off-line pulse shape analysis. As mentioned above, for this 
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Table 2. The data acquisition of the HEIDELBERG-MOSCOW experiment during 
1995 - 2003. *) events show up partly in and Ge-Ge coincidence, therefore 
in total 25 470 events. 





Data Sets 


Events 


Full measurement 


10 513 


951 044 


Corrupted data sets 


792 


92 553 


Rate > dz5(j 


151 


32 922 


Muon coincidence * 




3 672 


Ge - Ge coincidence * 




23 563 


Eol selection 




13 158 


Data used 


9 570 


786 941 



purpose the output of the charge-sensitive preamplifiers was differentiated with 
10-20 ns sampled with 250 MHz. Fig. 6 shows typical examples of measured time 
structures. The Oz//3/3 signal should be a line consisting mainly of single site events 
(SSE) [29],[32](a,c,d) confined to a few mm region in the detector corresponding 
to the track length of the emitted electrons. In this ideal case, a line of single 
site events should sit on some background of multiple site events (MSE) but also 
single site events in the spectrum, the latter coming to a large extent from the 
Compton continuum of the 2614 keV 7 -line from (most of the Compton 

continuum consists [32, 49] of single Compton scatterings followed by escape 
of the scattered 7 -ray (single site events) (see Fig. 7)). However, this idealized 
picture is not fully realized in nature. That we cannot expect a class of 100% 
pure SSE events for the OujSP signal is obvious from simulations. From simulation 
we expect that part of the double beta single site events should be seen as 
MSE. Simulations show that the maximum interaction distance of electrons may 
exceed the maximum range of electrons in Germanium [32, 87]. A long tail of 
this distribution is connected with bremsstrahlung gamma quanta. According to 
simulations [32] (a) this amounts to 5.1% of the OufdlS events, and in total 13.1% 
of the 01^(313 events should be recognized as MSE events. On the other hand 
also real multiple site events produced by 7 -quanta could be observed as SSE if 
energy deposition takes place at the same equipotential surface, at locations in 
the detector far away from another. The situation is further complicated by the 
fact, that the pulse shapes of a given class of events will in addition show some 
dependence on the location in the crystal. 

We have tried different methods to select single site events in the following 
way. The first one relies on the socalled ’broadness’ of the charge pulse maximum 
[29, 30]. The second and third one are based on neuronal networks [31] and differ 
by using one or two lines for neuronal training (single or mixed SSE library, 
respectively). All three methods we tried to ’calibrate’ with the known double 
escape (mainly SSE) line at 1592.5 keV and the total absorption (mainly MSE) 
7 - line at 2614.5 keV of a source (see Fig. 7 and Fig. 33), and partly with the 

double escape line of the 3253.4 keV line of at 2231.4 keV (see [29, 30, 31]). 
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Fig. 4. Shown is the distribution of the rates (in counts/dkg) for each detector over 
the energy range 400 - 2700 keV, and the range of dz5cr deviation (brown vertical lines) 
from the average value for the period 1995-2003. 



This assumes, that the signal produced by a 7-quant absorbed by electron pair 
creation behaves similar to a double beta decay signal. This is of course not 
fully the case. In this sense at present, all of these methods, and combinations 
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Fig. 5. Distribution of Eol values for the individual detectors and the ±3(j accepted 
range (between brown vertical lines), for the period 1995-2003. 



of them, are, for application to double beta decay, still in a pioneering stage. 
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Fig. 6. Left: Shape of an event classified as SSE by all three methods of pulse shape 
discrimination. Right: Shape of an event classified as multiple site event (MSE) by all 
three methods. 
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Fig. 7. Simulated spectrum for the 7 -line at 2614 keV from a source in a 

Germanium detector. The light shaded area denotes the full spectrum consisting of 
multiple and single site events, the dark area only the single site events. The full 
energy peak at 2614 keV consists mainly of MSE (about 80% MSE and 20% SSE), the 
single escape peak at 2103 keV of almost 100% MSE, while the 1592 keV double escape 
peak is practically fully single site (from [32] (a), see also [43, 49]). 



Work on improvement particularly of the neuronal net methods is, therefore, in 
progress (see section 4). 

2.2.5. Background Prom Two-Neutrino Double Beta Decay 

Because of the high resolution of the Ge detectors no background, (precisely 
5.5 X 10“^ events in the area 2035 - 2039.1 keV), in the range of a potential 0z//?/3 
line at Q/ 3 ^ is expected from the two- neutrino double beta decay, for which the 
half-life has been determined from the same experiment to be (l.Td^Q ig) x 10 ^^ y 
[17, 8 ]. For a resolution of a few hundred keV, as realized in some experiments, the 
contribution of 2^1313 events in the same range would be untolerable (150 events 
in the range 1800 - 2039 keV). 

2.2.6. Other Background 

Because of the big peak- to- Compton ratio of the large detectors, external 7 
activities are relatively easily identified, since their Compton continuum is to a 
large extent shifted into the peaks. The background identified by the measured 
7 lines in the spectrum consists of: 

1 . primordial activities of the natural decay chains from and 

2 . anthropogenic radio nuclides, like 

3. cosmogenic isotopes, produced by activation due to cosmic rays. 

The activity of these sources in the setup is measured directly and can be 
located due to the measured and simulated relative peak intensities of these 
nuclei. 
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Hidden in the continuous background are the contributions of: 

4. the bremsstrahlungs spectrum of (daughter of 

5. the overwhelming part of elastic and inelastic neutron scattering, and 

6. direct muon-induced events. 

External a and /? activities are shielded by the 0.7-mm inactive zone of the 
p-type Ge detectors on the outer layer of the crystal. The enormous radiopu- 
rity of HP-germanium is proven by the fact that the detectors No. 1, No. 2 
and No. 3 show no indication of any a peaks in the measured data. Therefore 
no contribution of the natural decay chains can be located inside the crystals. 
Detectors No. 4 and No. 5 seem to be slightly contaminated with on the 

level of few /xBq/kg, most likely surface contaminations at the inner contact. This 
contamination was identified by a measured a peak in the background spectrum 
at 5.305 MeV of the daughter and the constant time development of the 

peak counting rate. There is no contribution to the background in the evaluation 
areas of interest of the experiment due to this activity. 
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Fig. 8. Simulated background components in the energy region from 2000 to 2100 
keV around the Q- value for double beta decay at 2039 keV for all five detectors in the 
period 20.11.1995 to 16.04. 2002 (49.59 kg y)). A bin width of 2 keV is chosen (from 
[17]). The simulated spectrum is not folded with the energy resolution of the detectors. 



For a detailed description of the background of the experiment and its 
extensive simulation with GEANT4 we refer to [17]. We mention here only 
that all visible background lines in the sum spectrum up to 2020 keV (see 
Figs. 16,17) are identified, and that subtraction of the background simulated 
on this basis allows to deduce the half-life for two-neutrino decay to be [17] 
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le) ^ years. This half-life determination is based on 
~ 114 000 events [17], which may be compared to the about 35 events from which 
the first 2iy/3{3 spectrum had to be composed 15 years ago [83]. 

We show here only, because of its relevance in the later discussion (see section 
4), the simulated background in the range around Qjsp (see Fig. 8 ). The different 
background components are shown in different colours [17]. 

The most significant background contribution between 2000 and 2100 keV 
comes from the decay of the isotope This isotope is part of the natural 

^^^Th decay chain and has a strong 7 -peak at 2614 keV. The background contri- 
bution observed between 2000 and 2100 keV is part of the Compton continuum 
of that peak and therefore fiat (see also Fig. 7). The contributions of the 
natural decay chain are coming mainly from the cosmogenic contribution 

arises from mainly produced by spallation during production of the crystals 
(for details about the contribution of spallation products to the background in 
Ge detectors see [110]). 

The 7 -peaks observed in the simulated spectrum near are emitted from 
the isotope So from (^^^U-decay chain) in the vicinity of the Q- value 

of the double beta decay of = 2039 keV, according to the Table of Isotopes 
[42], weak lines should be expected at 2010.7, 2016.7, 2021.8 and 2052.9 keV. 
Additional weak lines at 2034.744 and 2042 keV from the short-lived cosmogenic 
nuclide which were still visible in the sum spectrum of [32] (c), are not 

visible any more in the actual sum spectrum. 

As seen from Fig. 8 , there are no background 7 -lines to be expected at the 
position of an expected dyjSjS line, according to our Monte Carlo analysis of 
radioactive impurities in the experimental setup [32, 17] and according to the 
compilations in [42]. 

It should be especially noted, that also neutron capture reactions 
^^Ge(n, 7 )^^(?e and ^®Ge(n, 7 )^^Ge and subsequent radioactive decay have been 
simulated by GEANT4 in [17]. The simulation yields, in the range of the spec- 
trum 1990 - 2110 keV, for the total contribution from decay of ^^Ge 0.15 counts. 
So in particular, the 2037.8 keV transition in the 7 -decay following /3~ decay of 
^^Ge [42] is not expected to be seen in the measured spectra. 



2.2.7. Development of the Experiment 

Table 3 shows the collected statistics of the experimental setup and of the back- 
ground number in the different data acquisition periods for the five enriched 
detectors of the experiment for the total measuring time August 1990 to May 
2003. 



2.2.8. Reliability of Data Acquisition and Data 

We have carefully checked all data before starting the analysis. This is particu- 
larly important in such a long-running low-background experiment. Because of 
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Table 3. Collected statistics and background numbers in the different data acquisition 
periods for the enriched detectors of the HEIDELBERG-MOSCOW experiment for the 
period 1990 - 2003. The life times of the experiment given in the second column include 
the data sets rejected according to Table 2. 

*) Background determined by averaging counting rate in interval 2000-2100 keV (with- 
out PSA method). 

**) From 11.1995 till 05.2003, background determined at from fit of spectrum in 
range 2000-2060 keV (without PSA method). 



Detec- 


Life Time 


Life Time 


Date 


Background*) 


PSA 


tor 


of all data 


accepted for 




(counts/ 










analysis 


Start End 


keV y kg) 




Num- 


days 


kg d 


days 


kg d 




2000 - 2100 




ber 












keV 




1 


1237.0 


1138.04 


930.9 


856.43 


8/90 - 8/95 


0.31 


no 


2 


1070.0 


2951.06 


997.2 


2750.28 


9/91 - 8/95 


0.21 


no 


3 


834.7 


1939.84 


753.1 


1750.20 


9/92 - 8/95 


0.20 


no 


4 


147.6 


338.74 


61.0 


139.99 


1/95 - 8/95 


0.43 


no 


5 


48.0 


127.97 


- 


- 


12/94 - 8/95 


0.23 


no 




After summing of all 5 detectors over period 1990 - 1995, 








Accepted life time = 15.05 kg y 










Pull Setup, over period 1995 - 2003 








Four detectors in 


common 


shielding, 


, one detector separate 




1 


2123.90 


1967.25 


2090.61 


1923.36 


11/95 - 5/03 


0.20 


no 


2 


1953.65 


5427.94 


1894.11 


5223.96 


11/95 - 5/03 


0.11 


yes 


3 


2120.22 


4960.83 


2079.46 


4832.67 


11/95 - 5/03 


0.17 


yes 


4 


2123.90 


4907.44 


1384.69 


3177.86 


11/95- 5/03 


0.21 


yes 


5 


2110.66 


5665.46 


2076.34 


5535.52 


11/95- 5/03 


0.17 


yes 




After summing of all 5 detectors over period 1995 - 2003, 




Accepted life time = 56.655 kg y, Background=0.113 ±0.007 events/ keV y kg**, 






or 0.16 events/ keV y kg according to* 







the general relevance of the present data, we show the situation for each detec- 
tor. Fig. 9 shows the intensities of all ~ 360 energy calibration runs as function 
of Runs and channels. Colours indicate different intensities. Horizontal lines cor- 
respond to 7 -lines in the Th source spectrum. We see their position in general to 
be very stable even without any calibration of the individual runs. It is clearly 
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Fig. 9. The intensities of all ~ 360 energy calibration runs for detectors 1,2, 3, 4, 5 (from 
top to bottom) as function of Runs and channels. Colours indicate different intensities. 
Intensity increases from dark blue (zero events) to red. Horizontal lines correspond 
to lines in the Th source spectrum. No calibration of the energies of the individual 
calibration runs are made here. 



visible that from calibration Run Nr. 1153 (29 April 1998), we used a stronger 
Th source. We see the proper operation of the thresholds in all ADC’s (blue 
range - no events). Fig. 10 gives the number of events in a channel number of 
the low-energy branch ADC’s against run number plane for all detectors, for the 
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Fig, 9. (Continued.) 



data used in the analysis. The behaviour of the thresholds corresponds to what 
is seen in Fig. 11, which shows the threshold ranges for detectors 4 and 5, from 
the list mode data acquisition of the measurement. 

We further checked the time dependence of the measured rate and the dis- 
tribution of the events among the different detectors in particular also for the 
energy interval 2036.5 - 2041. OkeV. Both show a statistically reasonable distri- 
bution (see Figs. 12) [1, 2], consistent with the expectation of a constant rate 
and the masses of the detectors, respectively. 

We also checked the arrival time distribution of the events, and proved that 
this is not affected by any technical operation during the measurement, such as 
the calibration procedure (introducing the Th source into the detector chamber 
through a thin tube) and simultaneously refilling of liquid nitrogen to the de- 
tectors etc. As example Fig. 13 (left) shows the arrival time distribution of all 
events observed in the energy interval (2035.5-2042.5) keV as function of time 
after each calibration and refilling of liquid nitrogen (shown are the first 7 days 
after calibration and refilling. Note, that after calibration and refilling a new 
measurement is started after a waiting time of a few hours). No hint is seen for 
introduction of any radioactive material from the exterior is seen. The measured 
distribution corresponds to a uniform distribution in time on a 99% c.l. This has 
been proven by a Kolmogorov- Smirnov goodness-of-fit test of the hypothesis. 
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Fig. 10. The number of events in a channel number against Run number plane for 
all detectors, for the data used in the analysis (for period 1995 - 2003). The data are 
presented here before energy calibration, compare Figs. 28,29. 



that the measured cumulative distribution Fig. 13 (right) corresponding to the 
measured distribution of the events (see Fig. 13 left) corresponds to a random 
distribution in time. 

Fig. 14 shows the range from 500 keV to 600 keV for the individual detectors 
measured in the period 1995 - 2003. The effect discussed in [87] (their Fig. 
4) is not present in our analysis. Also the other effects discussed in [87] such 
as the occurence of ’underthreshold events’ are not present in the analysis (see 
Figs. 9,10,11,14). A detailed analysis shows that these effects arise from including 
corrupt data into the analysis. 
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Fig. 11. Threshold ranges for detectors 4 and 5 in the spectrum measured during 
1995-2003. 





Fig. 12. The time distribution of all events in the energy interval 2036.5 - 2041.0 keV, 
over the period November 1995 to May 2003 (see [1, 2, 33]). Top: events seen by all 
detectors per year. Bottom: events seen by the individual detectors. 
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Fig. 13. Left: arrival time for all events in the interval 2035.5 - 2042.5 keV as fun- 
ction of time after the calibrations for the period 1995 - 2003 and the corresponding 
cumulative distribution (right) analyzed by the Kolmogorov- Smirnov test (see text). 



Fig. 15 shows that the lower part of the high-energy spectrum and the low- 
energy spectrum taken simultaneously, overlap perfectly up to the end of the 
lower-energy spectrum at ~3 MeV, proving consistency of the data collected in 
the low- and high-energy spectroscopy branch for all detectors. 



3 Data and Analysis 

Figs. 16, 17 show the total sum spectrum measured over the full energy range 
of all five detectors for the period August 1990 to May 2003. All identified lines 
are indicated with their source of origin (for details see [17],[32](e,f)). 

Figs. 18,19 show the part of the spectrum around Q/ 3 / 3 , in the range 2000 
- 2060 keV, measured in the period August 1990 to May 2003 and November 
1995 to May 2003. Fig. 20 shows the spectrum measured with all detectors from 
August 1990 to May 2000, Fig. 21 the spectrum obtained with detectors 2, 3,4,5 
in the period Nov. 1995 - May 2003, and Fig. 22 the one measured in the same 
period with detectors 2,3,5. We show the energy range 2000-2060 keV, since here 
a simultaneously fit can be make to safely attributed lines, in contrast to the 
range we used earlier (2000-2100 keV). Non-integer numbers in the sum spectra 
are simply a binning effect. 

3.1 Energy Calibration 

Precise energy calibration for all detectors before summing the individual 2142 
runs taken with the detectors, and finally summing the sum spectra of the dif- 
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Fig. 14. Spectra for all five detectors obtained in the period 1995 - 2003 in the 
HEIDELBERG-MOSCOW experiment in energy intervall 500 - 600 keV. 



ferent detectors (in total summing 9 570 data sets) is of extreme importance to 
achieve a good energy resolution of the total spectrum, (as seen in Figs. 16-22), 
and an optimum sensitivity of the experiment. A list of the energies of all iden- 
tified lines (Figs. 16,17) is given in a recent paper [17], here we concentrate on 
the range of interest around Qpp. 

In this range for the calibration the lines at 2103.5 and 2614.5 keV were chosen 
(using a linear calibration), which reproduces the energies of other known lines 
in the high-energy part of the spectrum, around Q/ 5/3 (see below and Tables 4-5). 
Table 5 shows a slight broadening of the single escape (SE) peak at 2103.5 keV 
compared to the full-energy peak. This is a known effect, arising from the finite 
momentum of the electron-positron pair immediately before annihilation. Since 
this momentum causes one annihilation photon to have a slightly higher ener- 
gythat its partner, in the case that only one photon is reabsorbed, the variation 
in the escaping energy leads to some broadening of the observed peak (see, e.g. 
[49]). The centroid of the single escape peak in a axial detector also can be 
slightly shifted to higher energies (on the order of 50 eV) as a result of effects 
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energy [keV] 

Fig. 15. Low- and high-energy measurements of the full spectrum, measured in the 
period November 1995 - May 2003. 



Table 4. Calibration of background peaks in the measured sum spectrum for all five 
detectors, (period 1995 - 2003), and their determined widths. 



Nuclide 


Eo, keV 


Epeafc [keV] 


FWHM [keV] 


40r 


1460.83 


1461.60 


3.31 




1764.495 


1764.83 


3.29 




2204.21 


2204.16 


3.66 


20Srpj^ 


2614.533 


2614.53 


3.55 



due to the positron mobility in the detector. We think, however, that these tiny 
effects are not relevant in our case, and that having a calibration line very close 
in energy to OuP/S is the most important point in our case. 

The stability of the experiment over the years and of the energy resolution 
and calibration is demonstrated in the following figures: Fig. 23 shows the sum 
of all weekly calibration spectra (~ 360 spectra for each detector) for the 2614.5 
keV Th line. Fig. 24 shows the resolution and energy position after summing the 
spectra of the five detectors (~ 1800 data sets). Table 5 gives the corresponding 
numbers. 

The integrated resolution over 8 years of measurement is found to be 3.27 
keV, i.e. better than in our earlier analysis of the data until May 2000 [3, 4, 5]. 
This is a consequence also of the refined summing procedure we used for the 
individual 9 570 data sets. The number achieved for 8 years of measurement is 
better than what another Ge experiment achieved in a shorter measurement of 
only 900 days [73]. 
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energy [keV] 

Fig. 16. The total sum spectrum measured over the full energy range (low-energy 
part) of all five detectors (in total 10.96 kg enriched in to 86%) - for the period 

August 1990 to May 2003. 



Fig. 25 shows as another example the sum of all weekly calibration spectra 
for the 2103.5 keV line for each detector. The agreement of the energy positions 
of the different detectors is seen to be very good. 

Fig. 26 shows the energies and widths obtained with the above calibration for 
some major background lines in the measured total spectrum during 1995 - 2003 
(no source measurement), at 1460.8 keV (from 1764.5 keV and 2204.2 keV 
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Fig. 17. The total sum spectrum measured over the full energy range (higher energy 
part) of all five detectors (in total 10.96 kg enriched in to 86%) - for the period 

August 1990 to May 2003. 



(from and 2614.5 keV (from Shown are the lines seen in the full 

spectrum, and in the spectrum of single site events (see section 4). The energies 
agree with the values given in the Table of Isotopes [42] (see Table 4). 

Fig. 27 shows (taking as example detector Nr. 1) the distribution of the line 
maxima of the 2103.5 keV line in the ~ 360 measured calibration spectra. The 
rms value of the deviation from the known value of the maximum is 0.36 channels, 
i.e. the line position can be determined (for a line of large intensity - here order 
of 500 events per individual line) with an order of precision of 0.13 keV. For a 
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Energy, keV 

Fig. 18. The total sum spectrum of all five detectors (in total 10.96 kg enriched in 
for the period November 1990 to May 2003 (71.7 kgy) in the range 2000 - 
2060 keV and its fit (see section 3.2). 



line with less statistics the rms value could range up to the order of a keV (see 

[ 11 , 21 ]). 

Figs. 28, 29 show in detail the change in the positions (channel numbers) of 
some lines in the measured calibration spectra over the measuring time, e.g. by 
shift of gain or by change of amplification of the amplifiers, or microphonics, etc. 
and the situation after calibration of the weekly spectra, leading to the numbers 
given in Tables 4,5. 



3.2 Analysis of the Spectra 

In the measured spectra (Figs. 17-22) we see in the range around Qj3(3 the 
lines at 2010.7, 2016.7, 2021.8, 2052.9 keV, the line at and a candidate of 
a line at ~ 2030 keV (see also [11, 12]). The spectra have been analyzed by 
different methods: Least Squares Method, Maximum Likelihood Method (MLM) 
and Feldman- Cousins Method. The analysis is performed without subtraction 
of any background. We always process background-plus-signal data since the 
difference between two Poissonian variables does not produce a Poissonian 
distribution [51]. This point has to be stressed, since it is sometimes overlooked. 
So, e.g., in [82] a formula is developed making use of such subtraction and as a 
consequence the analysis given in [82] provides overestimated standard errors. 
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Fig. 19. The total sum spectrum of all five detectors (in total 10.96 kg enriched in 
for the period November 1995 to May 2003 (56.66 kg y) in the range 2000 - 
2060 keV and its fit (see section 3.2). 




Fig. 20. The total sum spectrum of all five detectors (in total 10.96 kg enriched in 
in the range (2000 - 2060) keV and its fit, for the period August 1990 to May 
2000 (50.57 kg y). 
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Fig. 21. Total spectrum in the range 2000 - 2060 keV obtained with detectors 2, 3, 4, 5 
(51.39 kgy) in the period November 1995 to May 2003, and its fit (see section 3.2). 




Fig. 22. Total spectrum in the range 2000 - 2060 keV obtained with detectors 2,3,5 
(42.69 kgy) in the period November 1995 to May 2003, and its fit (see section 3.2). 
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Table 5. Calibration of the weekly measured source spectra and of their sum, and the 
energy resolution and widths for the lines 1620.50, 2103.5 and 2614.53 keV over period 
1995 - 2003. 



Calib- 




line 


ration 


Det. 


228y;j [42] 


SE [42] 


[42] 


period 


Nr. 


Eo=1620.50keV 


Eo=2103.5keV 


Eo=2614.533keV 






Epeafc 


FWHM 


Epea/e 


FWHM 


Epeafc 


FWHM 






[keV] 


[keV] 


[keV] 


[keV] 


[keV] 


[keV] 


One 


1 


1620.54 


2.51 


2103.36 


3.65 


2614.40 


2.96 


of 


2 


1620.75 


2.71 


2103.58 


3.85 


2614.46 


3.43 


weekly 


3 


1621.18 


2.63 


2103.35 


3.65 


2614.66 


3.00 


spectra 


4 


1620.61 


3.13 


2103.49 


4.47 


2614.61 


3.48 




5 


1621.43 


2.66 


2103.59 


3.82 


2614.52 


3.36 


After 


1 


1620.90 


2.60 


2103.53 


3.63 


2614.52 


3.00 


summing 


2 


1620.65 


2.99 


2103.53 


3.93 


2614.53 


3.40 


over 


3 


1621.63 


2.75 


2103.53 


3.69 


2614.52 


3.04 


period 


4 


1620.78 


3.66 


2103.52 


4.55 


2614.53 


3.98 


1995-2003 


5 


1621.29 


2.87 


2103.54 


3.95 


2614.54 


3.38 




After summing all 5 detectors over ] 


period 1995-2003 








1621.12 


3.02 


2103.53 


3.86 


2614.53 


3.27 



Fig. 30 shows, as example, the result of a peak-scanning procedure for the 
spectra shown in Fig. 19 performed with the MLM method. At each energy 
the program determines the probability to have a line with correct properties 
- Gaussian - shaped, with a width determined from neighboring background 
lines - assuming all the rest of the spectrum as background. This is a highly 
conservative assumption - in view of the lines seen in Figs. 18-22. This method 
projects out lines from the background, and earlier [3, 4, 5] was important to 
identify the weak background lines (from around and also the line 

Q/3/3 (see also [11, 21]), which now are also directly clearly seen in the spectra 
(Fig. 18-22). 

The large improvement of the present analysis compared to our paper from 
2001 [3], is clearly seen from Fig. 20 showing the new analysis of the data 1990- 
2000, as performed here - to be compared to the corresponding figure in [3]. 
One reason is, that the stricter conditions for accepting data into the analysis, 
in particular of conditions (4) and (6) in section 2.2.3, cleaned the spectrum 
considerably. The spectrum in Fig. 20 now corresponds to 50.57 kg y to be com- 
pared to 54.98 kg y in [3], for the same measuring period. The second reason is a 
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Fig. 23. Sum of the weekly calibration spectra for the 2614.5 keV of line over 

the measuring time 1995 - 2003. 



better energy calibration of the individual runs. The third reason is the refined 
summing procedure of the individual data sets mentioned above and the cor- 
respondingly better energy resolution of the final spectrum. (For more details 
see [1, 33]). The signal strength seen in the individual detectors in the period 
1990-2003 is shown in Fig. 31. 

We have performed first a simultaneous fit of the range 2000 - 2060 keV of 
the measured spectra by nonlinear least squares methods, using the Levenberg- 
Marquardt algorithm [52, 53, 54, 50]. 

It was shown [58] that the least squares method is applicable in any statistics 
under the following conditions: 1) relative errors asymptotic to zero, 2) ratio of 
signal to background asymptotic constant. It does not require exact knowledge 
of the probability density function of the data. In any case we followed the 
suggestion of the Particle Data Group [56] to compare the number of events in 
the spectrum with the number of events in the fit. It was found that they were 
identical on a percent level, so that no normalization was needed. 

We follow the standard procedure: we have a histogram Ni - corresponding 
to a spectrum with some binning Ei (for optimal binning see e.g. [58]), and i 
denoting the number of bin of our analysed spectra. We fit this spectrum using n 
Gaussians (n is equal to the number of lines, which we want to fit) G(Ei, Ej^aj) 



1 r 

^exp - 

L 2cr? J 



G{Ei, Ej,aj) — 



( 2 ) 
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Fig. 24. Sum of the sum of the weekly calibration spectra of all five detectors shown 
in Fig. 23 1800 spectra). 



x10'‘ 




Fig. 25. Sum of calibration spectra for each detector (absolute intensities for the 
2103.5 keV line for the period 1995 - 2003) (from top to bottom detectors: 2, 3, 5, 1, 4). 
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Fig. 26. Position and widths of some major background lines in the spectra measured 
in the period 1995-2003 (no source) determined with the calibration outlined above. 
Sum of all five detectors (i.e. of 9570 spectra). Blue line (peak at the top - full spectra, 
green (peak at bottom) - single site events) (see also Table 4). 



100 




Fig. 27. Distribution of the line maxima of the 2103.5 keV line in ~ 360 measured 
calibration spectra (for detector Nr. 1), as function of channel number. 



and we use different background models B{Ei)\ simulated background (linear 
with fixed slope) (see [17]), linear, and constant. The fitting function F{Ei) is a 
sum of Gaussians and background: 
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Fig. 28. Position of lines 1592.5 and 1620.5 keV in the calibration spectra over 8 years of 
measurement (1995 - 2003) in the HEIDELBERG-MOSCOW experiment, for detector 
number 1 (top), and position after calibration of the individual spectra (bottom). 



F{Ei) G{Ei, Ej,a^) + B{Ei) (3) 

3 

Minimizing the norm of errors using the nonlinear least squares method with 
the Levenberg-Marquardt algorithm, the parameters are found as 

Sj,Ej,(jj,b = argmin ^ {F{Ei) - N{Ei)f, (4) 

i 

where: 

• n is the number of used Gaussians G{Ei,Ej,aj), j = l..n; 

• Ej are the estimated centroid energies; 

• (Jj are the estimated widths of Gaussians; 

• Sj are the estimated peak intensities; 

• h is background index; 

• m is the number of bins in the spectrum, i=l, m; 

• B{Ei) denotes the background model; 

• Ni denotes the number of counts in the bin corresponding to energy Ei. 

Error estimate: the Levenberg-Marquardt method [53, 55] is one of the most 
developed and tested minimization algorithm, finding fits most directly and ef- 
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Fig. 29. Position of line 2103.5 keV in the calibration spectra over 8 years of measure- 
ment (1995 - 2003) in the HEIDELBERG-MOSCOW experiment for detector number 
4 (top), and position after calibration of the individual spectra (bottom). 
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Fig. 30. Scan for lines in the full spectrum taken from 1995 - 2003 with detectors Nr. 
1,2, 3, 4, 5, (Fig. 19) with the MLM method (see text). The Bi lines at 2010.7, 2016.7, 
2021.8 and 2052.9 keV are clearly seen, and in addition a signal at ~ 2039 keV. 



ficiently [54]. It also is reasonably insensitive to the starting values of the pa- 
rameters. This method has advantages over others of providing an estimate of 
the full error matrix. The MATLAB Statistical Toolbox [59] provides functions 
for confidence interval estimation for all parameters. It uses residual of fit and 
Jacobian matrix Jij of Fi around the solution of eq. 4 to obtain estimates of 
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Fig. 31. The spectra of the individual five detectors in the range 2000-2060 keV for the 
period November 1995 to May 2003. The sum of these spectra leads to the spectrum 
shown in Fig. 19. 



the errors. Using the same method, but weighting the data, leads to a slight 
underestimation of the background in the fits of the spectra, but essentially to 
the same results. 

We tested the confidence intervals calculated by the MATLAB statistical fun- 
ctions with numerical simulations. As done earlier for other statistical methods 
[4, 5], we have simulated 100 000 spectra with Poisson-distributed background 
and a Gaussian-shaped (Poisson-distributed) line of given intensity, and have in- 
vestigated, in how many cases we find in the analysis the known intensities inside 
the given confidence range. Table 6 shows that the confidence levels determined 
are correct within small errors. For example for a situation which we have in 
our experiment, a line of 30 counts on a background of 10 events, per keV, we 
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Table 6. Result of simulation of 100 000 (in each entry) spectra with Poisson- 
distributed background and a Gaussian-shaped line of given intensity for different 
background - B, and peak area - S, by the least squares method, using the Levenberg- 
Marquardt algorithm [53, 54]. Given is the number of spectra where the true number 
of counts in the line is found in the calculated confidence area. 



B 




S = 


: 10 






S = 


: 20 






S = 


^ 30 






la 


2a 


3a 


4a 


la 


2a 


3a 


4a 


la 


2a 


3a 


4a 


2 


66505 


93781 


99183 


99932 


63967 


93176 


99219 


99952 


62094 


92191 


99121 


99932 


7 


66879 


91683 


98476 


99900 


67618 


94733 


99498 


99961 


66332 


94443 


99539 


99967 


10 


64962 


90029 


98380 


99918 


68210 


94921 


99455 


99933 


67352 


94784 


99554 


99979 


Expected: 




68269 


95449 


99730 


99994 


68269 


95449 


99730 


99994 


68269 


95449 


99730 


99994 



analysed 100 000 simulated spectra. In 99 979 cases we find the true value of 
the line intensity within the 4a error interval. This means the confidence level 
calculated for such a line by this method is correct within 0.3 a. 

The second standard method, we have used to analyze the measured spectra, 
is the Maximum Likelihood Method (MLM) using the root package from CERN 
[60], which exploits the program MINUIT for error calculation. For this purpose 
the program provided there had to be extended for application to non-integer 
numbers (for details see [61]). We performed also in this case a test of the given 
confidence intervals given by this program, by numerical simulations. It has 
been found that the program systematically overestimates the errors, leading 
to too small confidence levels. For example for the case of 30 events in the line 
and a background of ~ 10 events per keV the method finds the true value in 
99 971 spectra within the 3 a confidence range. This means that the c.l. given 
by the method here is underestimated by 0.63cr. Taking this into account, the 
application of the MLM yields results for the confidence levels consistent with 
the Least Squares Method. By the way also the Bayesian method, as used in 
[3, 4, 5], was found to overestimate, on a similar level as the MLM, the errors, 
as indicated in Table 4 in [5]. As a consequence the confidence levels given in 
[3, 4, 5] were systematically too low (for details see [61]). The third method 
used for analysis is the Feldman- Cousins-Met hod (FCM) described in detail in 
[56, 57]. 
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4 Results 

4.1 Full Spectra 

Figs. 18-22 show together with the measured spectra in the range around Q/ 3/3 
(2000 - 2060 keV), the fits using the first of the methods described in section 3. In 
these fits a linear decreasing shape of the background as function of energy was 
chosen corresponding to the complete simulation of the background performed 
in [17] by GEANT4 (see Fig. 8 ). 

In these fits the peak positions, widths and intensities are determined simul- 
taneously, and also the absolute level of the background. E.g. in Fig. 19, the fitted 
background corresponds to (55.94 zb 3.92) kgy if extrapolated from the backgro- 
und simulated in [17] for the measurement with 49.59 kgy of statistics (see Fig. 
8 ). This is almost exactly the statistical significance of the present experiment 
(56.66 kg y) and thus a very nice proof of consistency. 

Tables 7,8 give the intensities of the lines for the full spectra obtained by 
the fits of the range 2000 - 2060 keV (Figs. 18-22), and of the single site events 
spectrum shown in Fig. 34, assuming the linearly decreasing background as de- 
scribed. Assuming a cons^an^ background in the range 2000 - 2060 keV or keeping 
also the slope of a linearly varying background as a free parameter, yields very 
similar results. 

The signal at Qpp in the full spectrum at ~ 2039 keV reaches a 4.2 cr confi- 
dence level for the period 1990-2003, and of 4.1 a for the period 1995-2003. The 
results of the new analysis are consistent with the results given in [3, 4, 5]. 

We have given a detailed comparison of the spectrum measured in this experi- 
ment with other Ge experiments in [11, 21]. It is found that the most sensitive ex- 
periment with natural Ge detectors [13], and the first experiment using enriched 
(not yet high-purity) ^^Ge detectors [14] find essentially the same background 
lines etc.), but no indication for the line near Q/ 5 ^. This is consistent with 

the rates expected from the present experiment due to their lower sensitivity: 
~0.7 and ~1.1 events, respectively. It is also consistent with the result of the 
IGEX experiment [15], which collected only a statistics of 8 . 8 kgy, before 
finishing in 1999, and which should expect ~ 2.6 events, which they might have 
missed. Their published half-life limit is overestimated as result of an arithmetic 
mistake (see [16]). 

The fits obtained with the Maximum Likelihood Method agree with the re- 
sults, given in Table 7. The estimations of the Feldman- Cousins Method yield 
confidence levels for the line at at a ~ 4cr level. The uncertainty in the 
determination of the background here is larger, than in a consistent fit of the 
full range of interest by the other two methods. 

We have compared the intensities of the weak Bi-lines near Q/ 3/3 with the 
expectations from the strong lines at 609.31, 1764.5 and 2204.2 keV. The latter 
appear in the spectrum measured with all detectors in the period 1990-2003 as 
shown in Fig. 32. 

From the measured intensities and our earlier GEANT4 simulations [17] we ex- 
pect intensities for the lines at 2010 . 7 , and 2016.7 keV, as observed within the 
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Table 7. Results of the analysis of the measured spectra by non-linear optimization 
least squares fit of the range 2000-2060 keV. Given are energies and intensities resulting 
from the fit, and their la errors. 



Line 


Full spectra 


SSE spectrum 
Fig. 34 


Fig. 18 


Fig. 19 


Fig. 21 




Detectors 1,2, 3, 4, 5 


Detectors 2, 3, 4, 5 


Detectors 2, 3,4, 5 


(keV) 


1990-2003 


1995-2003 


1995-2003 


1995-2003 




71.7 kg y 


56.66 kgy 


51.39 kgy 


51.39 kgy 




Energy 


Intensity 


Energy 


Intensity 


Energy 


Intensity 


Energy 


Intensity 




[keV] 


[events] 


[keV] 


[events] 


[keV] 


[events] 


[keV] 


[events] 


2010.7 


2009.89 


39.85 


2010.37 


28.62 


2010.10 


27.41 


2010.01 


9.99 




±0.32 


±6.89 


±0.37 


±5.69 


±0.37 


±5.44 


±0.69 


±3.74 


2016.7 


2015.74 


32.81 


2016.25 


27.73 


2016.39 


28.55 


2016.21 


4.68 




±0.43 


±7.06 


±0.43 


±5.89 


±0.37 


±5.48 


±1.48 


±3.74 


2021.8 


2019.94 


26.06 


2020.33 


17.47 


2021.02 


18.63 


2022.05 


5.96 




±0.54 


±7.06 


±0.68 


±5.88 


±0.57 


±5.47 


±1.16 


±3.73 


-2030 


2029.78 


15.54 


2030.07 


14.52 


2030.13 


15.76 


2031.03 


8.6 




±0.81 


±6.87 


±0.72 


±5.67 


± 0.63 


±5.42 


±0.8 


±3.73 


2039.0 


2038.07 


28.75 


2038.44 


23.04 


2038.52 


19.58 


2037.56 


12.36 




±0.44 


±6.86 


±0.45 


±5.66 


±0.51 


±5.41 


±0.56 


±3.72 


2052.9 


2053.18 


33.88 


2053.13 


21.48 


2053.03 


20.68 


2052.65 


14.75 




±0.37 


±6.84 


±0.49 


±5.64 


±0.48 


±5.40 


±0.47 


±3.71 



error bars. For the lines at 2021.8 and 2052.9 keV somewhat larger intensities 
are found, which however, are still consistent within the 2.5cr error of the mea- 
surement. 



4.2 Time Structure of Events 

There are at present no other Tunning experiments (with reasonable energy reso- 
lution) which can - not to speak about their lower sensitivity - in principle give 
any further-going information in the search for double beta decay than shown up 
to this point: namely a line at the correct energy Also most future projects 
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Table 8. Results of the analysis of the measured full spectrum by non-linear optimiza- 
tion least squares fit of the range 2000-2060 keV for the period 1990-2000 (see Fig. 20). 
Given are energies and intensities resulting from the fit, and their la errors. 



Line 


2010.7 keV 


2016.7 keV 


2021.8 keV 




Energy 

[keV] 


Intensity 

[events] 


Energy 

[keV] 


Intensity 

[events] 


Energy 

[keV] 


Intensity 

[events] 


2009.72 
± 0.33 


35.42 

zb 6.26 


2014.98 
± 0.71 


16.93 
zb 6.25 


2020.17 
zb 0.51 


22.84 
± 6.24 


Line 


-2030 keV 


2039.0 keV 


2052.9 keV 




Energy 

[keV] 


Intensity 

[events] 


Energy 

[keV] 


Intensity 

[events] 


Energy 

[keV] 


Intensity 

[events] 


2029.80 
± 0.80 


14.26 
zb 6.23 


2038.26 
zb 0.59 


19.36 
± 6.22 


2053.26 
± 0.41 


28.04 
± 6.20 



cannot determine more. The HEIDELBERG-MOSCOW experiment developed 
some additional tool of potential independent verification, whose present status 
will be presented in this section. The method is to exploit the time structure of 
the events and to try to select jSfd events by their pulse shape. 

Coming to pulse shape analysis, our conclusions become mo del- dependent. 
We apply here first a method similar to that described earlier [5, 6 ]. We accept 
only events as SSE, classified by one of the neuronal net methods, and in most 
cases simultaneously also by the second and third method mentioned in section 
2 , as SSE (for details see [61]). Two calibrations of the efficiency of this method 
have been performed in 2002 and September 2003, by using a source 

in the detector chamber containing detectors 2,3,5, and in November 2003 for 
detector 4 (see section 2.2). They yield the result shown in Fig. 33. Taking all 
four detectors together, the SSE line at 1592.5 keV is reduced to 62%, the normal 
Thorium lines to ~20%. (There is some variation of these values for the different 
detectors). Practically the same reduction of normal 7 -line intensities is found 
for lines measured in our spectrum taken in the period 1995 - 2003, and also 
in another calibration measurement using a source (95.2 kBq) inside the 

detector chambers yielding a lot of lines (see Fig. 33). 

The SSE spectrum obtained by this method from the measurement over the 
period 1995 - 2003 is shown in Fig. 34 (compare to Fig. 21). 

We find a 3.3cr signal for the line near Q/5^ and we find the other lines, at 
2010.7, 2016.7 and 2021.8 keV to be consistent in intensity with normal 7 -lines 
(see Fig. 33). In particular the EO transition at 2016.7 keV, which should consist 
to 100% of multiple site events, since it is seen only by the True Coincidence 
Summing Effect of two successive 7 -transitions (see [ 12 ]) is fully suppressed. 

There is (see Fig. 34) some indication on a confidence level of ~ 2 cr, of an 
unidentified line around 2030 keV (see Table 7). This line might be understood 
as originating from electron conversion of the 7 - line at 2118 keV originating from 
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Fig. 32. The strong Bi lines at 609.31 (upper left), 1764.5 (upper right) and 2204.2 keV 
(bottom) measured with all five detectors in the period 1990—2003. 



(however, see below). The K shell binding energy in is 88keV [42]. 

With a conversion probability of 0.3-1.% [43] and an efficiency for detection of 
a 7 -line of ~13%, as determined by a GEANT4 simulation for this energy of 
2118 keV, and larger conversion coefficients and detection efficiencies for subse- 
quent lower-energy transitions in this cascade, one could expect something in the 
order of ~5-10 events from this line. On the other hand it was reported already 
in [11, 21] that the structure at ~ 2030 keV differs in energy from just by 
the K-shell X-ray energies of Ge(Se) of 9.2 (10.50) keV, or the K-shell atomic 
binding energies of 11.10 (12.66) keV (see [42]). 

That the PSA method, for the 1592.5 keV line, is functioning also in our 
measured spectrum, {not source spectrum) is seen in Fig. 35. In the full spectrum 
the 1592 keV line is not visible, but it is covered by the 1588.2 keV line from 
It is however, growing out in the SSE spectrum (see Fig. 35), where the 
neighbouring line at 1588.2 keV from is strongly suppressed. At the same 

time the 1620 keV line from is also found to be strongly suppressed. 

We would like to report, that we found that a neuronal net method selection 
of the specific pulse shapes created by double beta decay can still be done with 
much higher sensitivity. This is shown by Fig. 36. Here an empirically defined 
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Fig. 33. Relative suppression ratios: Remaining intensity after pulse shape analysis 
compared to the intensity in the full spectrum. Result of a calibration measurement 
with a Th source. Compared to the known SSE line at 1592.5 keV, the intensities of the 
2103.5 keV line (single escape peak, known to be 100% MSE) and the full energy peak 
at 2614.5 keV are strongly reduced (error bars are ±lcr). The same order of reduction 
is found for the Thorium lines and the strong Bi lines occuring in our spectrum, and 
in a calibration measurement with a source. 



subclass of shapes selected by one of the above used neuronal net methods is 
selected. Except a line which sticks out sharply near Q^/?, all other lines are 
very strongly suppressed. The probability to find events in two neighboring 
channels from background fluctuations is calculated to be 0.013%. Thus, we see 
a line near at a 3.8cr level. Fig. 36 also shows the range 1800 - 2250 keV 
for the same selection, and the full spectrum in this range. The line near is 
standing out clearly. This method selects part of the events seen in Fig. 34. This 
new method also fulfills the criterium to select properly the continuous 2u/3p 
spectrum (which is not properly done by the first method (see Fig. 37). 

The experimental signature of 2uPP decay is a continuous spectrum as shown 
in Fig. 37. The pulse shape spectrum selected with the new method, measured 
with detectors 2, 3, 4, 5 from 1995-2003 in the energy range of (100-3000) keV, 
shows that these selected SSE events have a shape corresponding to the 2i/P(3 
spectrum. This proves that we really have observed neutrinoless double beta 
decay. Research is going on to come to more quantitative understanding [33]. 

The energy of this line determined by the spectroscopy ADC is slightly below 
Q^/ 3 , but still within the statistical variation for a weak line (see [11, 21]). Taking 
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Fig. 34. The single site sum spectrum of the four detectors 2, 3, 4, 5 for the period 
November 1995 to May 2003 (51.389 kgy), and its fit (see section 3), in the range 2000 
- 2060 keV. 
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Fig. 35. Part of the spectrum measured with detectors 2, 3, 4, 5 in the period 1995 - 
2003 around the 1592.5 keV double escape line of the 2614.5 keV 7 -line from 
Left: full spectrum. Right: pulse-shape selected spectrum (see text). The red lines are 
shown to indicate the position of the 1592.5 keV line. 



into account ballistic effects, according to first estimations, the energy of the line 
will be shifted up by about 2-3 keV (for details see [61]). Further investigations 
are needed to quantify this more precisely. 

At present work is in progress to calibrate the neuronal net method directly 
at the energy of Q^( 3 . This can be done by measurements with an electron ac- 
celerator using electrons of ~ 1 MeV (this is a proposal by I. Bergstrom [111]), 
or with a source of monoenergetic conversion electrons of ~ 1 MeV, for exam- 
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Fig. 36. Top: The pulse-shape selected spectrum (subclass of events selected in Fig. 34) 
measured with detectors 2, 3, 4, 5 from 1995-2003, see text. Middle: The full spectrum 
measured with detectors 2, 3, 4, 5 from 1995-2003. Top: The corresponding spectrum of 
single site events (new method, see text). Bottom: As in top figure, but energy range 
2000-2060 keV. 



pie using Bi inside the detector. Fig. 38 shows the Bi source of ~50Bq 
activity just put in form of a drop on the contact of a Ge detector. We have 
started also measurements with the clean /^-emitter Sr and a detector with a 
Be- window. 
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Fig. 37. Top panel: Sum energy spectra of the two emitted electrons for 0iyf3(3 and 
2iyf3/3 (n=5), and for several hypothetical Majoron-accompanied double beta decay 
modes (n=l,3,7) (schematic). Middle: the pulse-shape selected spectrum measured with 
detectors 2, 3, 4, 5 from 1995-2003 in the energy range of (100—3000) keV, see text. Down 
panel: left. The spectrum selected as single site spectrum by the first method (see text). 
Right: The full spectrum mesured with detectors 2, 3, 4, 5, from 1995-2003. 
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Fig. 38. Detector cup of a Ge detector (made of Si) and the copper contact inside, onto 
which a drop of a solution containing Bi (~50Bq of activity) has been positioned. 



Concluding this section, the investigation of /3/?-like events is clearly suppor- 
ting a line near consisting of 0u^l3 events. 

The 2039 keV line as a single site events signal cannot be the double escape 
line of a 7 -line whose full energy peak would be expected at 3061 keV where no 
indication of a line is found in the spectrum measured up to 8 MeV (see Fig. 39). 
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Fig. 39. High-energy part of the full spectrum, taken with all detectors, during the 
years 1995-2003. 



5 Half-Life of Neutrinoless Double Beta Decay of '^^Ge. 

We have shown in chapter 4 that the signal found at can be classified as 
consisting of single site events and with being not a 7 line. The signal does 
not occur in the Ge experiments not enriched in the double beta emitter 
[13, 11, 21], while neighbouring background lines appear consistently in these 
experiments. On this basis we translate the observed number of events into 
the half-life for neutrinoless double beta decay. In Table 9 we give the half-lives 
deduced from the full data sets taken in the years 1995-2003 and in 1990-2003 and 
of some partial data sets, among others those for two different sets of detectors 
(detectors 1+2+4 and detectors 3+5), over the period 1995-2003, and for two 
not-overlapping measuring periods, 1995-1999 and 1999-2003. In all cases the 
signal is seen consistently. We include also the values deduced from the single 
site spectrum (Fig. 34). In this case we do conservatively not apply, from the 
reasons discussed in section 4, a correction factor for the efficiency of the pulse 
shape method. The result is in this case a conservatively higher value for T 1/2 
and smaller value for (m). Also given are the effective neutrinos masses. 

The result obtained is consistent with the limits given earlier from the HEI- 
DELBERG-MOSCOW collaboration [10]. It is also consistent with the results 
we reported in [3, 4, 5, 20, 19, 18]. 

Concluding we confirm, with 4.2cr (99.9973% c.l.) probability, our claim from 
2001 [3, 4, 5, 20, 19, 18] of first evidence for the neutrinoless double beta decay 
mode. 
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Table 9. Half-life for the neutrinoless decay mode and deduced effective neutrino mass 
from the HEIDELBERG-MOSCOW experiment (the nuclear matrix element of [27] is 
used, see text). Shown are in addition to various accumulated total measuring times 
also the results for four non- overlapping data sets: the time periods 11.1995—09.1999 
and 09.1999-05.2003 for all detectors, and the time period 1995-2003 for two sets of 
detectors: l-h2-|-4, and 3-h5. *) denotes best value. 



Significan- 
ce [kgy] 


Detectors 


^r /2 [y] 

{3a range) 


(m) [eV] 
{3a range) 


Conf. 
level {a) 


Period 8.1990-5.2003 


71.7 


1,2,3,4,5 


(0.69-4.18) X 10^® 
1.19 X 10^®* 


(0.24 - 0.58) 
0.44* 


4.2 


Period 11.1995-5.2003 


56.66 


1,2, 3, 4, 5 


(0.67 - 4.45) X 10^® 
1.17 X 10^®* 


(0.23 - 0.59) 
0.45* 


4.1 


51.39 


2, 3,4,5 


(0.68 - 7.3) X 10^® 
1.25 X 10^®* 


(0.18 - 0.58) 
0.43* 


3.6 


42.69 


2,3,5 


(0.88 - 4.84) X 10^® 
{2a range) 

1.5 X 10^®* 


(0.22 - 0.51) 
(2cr range) 
0.39* 


2.9 


51.39 (SSE) 


2, 3,4,5 


(1.04 - 20.38) X 10^® 
1.98 X 10^®* 


(0.11 - 0.47) 
0.34* 


3.3 


28.27 


1,2,4 


(0.67 - 6.56) X 10^® 
(2cr range) 

1.22 X 10^®* 


(0.19 - 0.59) 
{2a range) 
0.44* 


2.5 


28.39 


3,5 


(0.59 - 4.29) X 10^® 
(2ct range) 

1.03 X 10^®* 


(0.23 - 0.63) 
(2cr range) 
0.48* 


2.6 


Period 11.1995-09.1999 


26.59 


1,2,3,4,5 


(0.43 - 12.28) X 10^® 
0.84 X 10^®* 


(0.14 - 0.73) 
0.53* 


3.2 


Period 09.1999-05.2003 


30.0 


1,2, 3,4, 5 


(0.60 - 8.4) X 10^® 
1.12 X 10^®* 


(0.17 - 0.63) 
0.46* 


3.5 



6 Consequences 



The most important consequences of the observation of neutrinoless double beta 
decay are, that lepton number is not conserved and further, that the neu- 
trino is a Majorana particle (see, e.g. [75, 76, 77]). Both of these conclusions 
are independent of any discussion of nuclear matrix elements. The matrix ele- 
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merit enters when we derive a value for the effective neutrino mass - making 
the most natural assumption that the OiyP/3 decay amplitude is dominated by 
exchange of a massive Majorana neutrino. The half-life for the neutrinoless decay 
mode is under this assumption given by [27, 28] 

0/ )] ^ — Cram - — \ ^ Crjr]{r])‘^ + C\x{X)‘^ + Cmrj{v)~ ^ 

77T/g rriQ 

-\-Cmx{X)^ + Crjx{r]){X), 

{m) = \mil^ I + \ + | , (5) 

where mi^e ^ |mie^ | exp (z = 1,2,3) are the contributions to the effective 
mass (m) from individual mass eigenstates, with denoting relative Majorana 
phases connected with CP violation, and ... denote nuclear matrix 

elements squared, which can be calculated, (see, e.g. [27] , for a review and some 
recent discussions see e.g. [78, 36, 70, 71, 81, 79, 80, 74]). Ignoring contributions 
from right-handed weak currents on the right-hand side of eq. (5), only the first 
term remains. 

Using the nuclear matrix element from [27, 28], we conclude from the half-life 
given above the effective mass (m) to be (m) = (0.2-0.6) eV (99.73% c.l.), with 
best value of 0.4 eV. 

The effective mass is closely related to the parameters of neutrino oscillation 
experiments, as can be seen from the following expressions 
\m^ee\ = \Ue\\^mi, 

\mf^\ = \U y' Am%2 + 

Here, Uei are entries of the neutrino mixing matrix, and Amfj = |mf — m||, 
with mi denoting neutrino mass eigenstates. Uei and can be determined 

from neutrino oscillation experiments. 

The matrix element given by [27] was the prediction closest to the later mea- 
sured 2v[3[3 decay half-life of (1.741 q ^g) x 10^^ y [17, 8]. It underestimates the 
2v matrix elements by 32% and thus these calculations will also underestimate 
(to a smaller extent) the matrix element for Oz/^S/? decay, and consequently cor- 
respondingly overestimate the (effective) neutrino mass. Allowing conservatively 
for an uncertainty of the nuclear matrix element of zb 50% (for discussions of 
the status of nuclear matrix elements we refer to [5, 20, 19, 18]), the range for 
the effective mass may widen to (m) == (0.1 - 0.9) eV (99.73% c.l.). 

Assuming other mechanisms to dominate the 0z//l/3 decay amplitude, which 
has been studied extensively in recent years, the result allows to set stringent 
limits on parameters of SUSY models, leptoquarks, compositeness, masses of 
heavy neutrinos, the right-handed W boson and possible violation of Lorentz 
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Table 10. Recent support of the neutrino mass deduced from OiyPjS decay [3, 4, 5, 12, 
11] by other experiments, and by theoretical work. 



Experiment 


References 


rriiy (degenerate z/’s)(eV) 


OvPiS 


[3, 4, 5, 12, 11] 


0.05 - 3.2 


WMAP 


[97, 100] 


< 0.23, or 0.33, or 0.50 


CMB 


[96] 


< 0.7 


CMB+LSS+X-ray gal. Clust. 


[101] 


-0.2 eV 


SDSS + WMAP 


[116] 


< 0.57 


Z - burst 


[92, 93] 


0.08 - 1.3 


g-2 


[88] 


> 0.2 


Tritium 


[86] 


<2.2 - 2.8 


1/ oscillation 


[94, 95] 


> 0.04 


Theory: 






A 4 -symmetry 


[89] 


> 0.2 


identical quark 






and u mixing at GUT scale 


[91] 


> 0.1 


Alternative cosmological 






’concordance model’ 


[103] 


order of eV 



invariance and equivalence principle in the neutrino sector. For a discussion and 
for references we refer to [36, 38, 39, 41]. 

With the value deduced for the effective neutrino mass, the HEIDELBERG- 
MOSCOW experiment excludes several of the neutrino mass scenarios allowed 
from present neutrino oscillation experiments (see Fig. 1, in [99]) - allowing only 
for degenerate mass scenarios [35, 99]. 

We have shown in [5, 11, 21], that indirect support for the observed evi- 
dence for neutrinoless double beta decay evidence comes from analysis of other 
Ge double beta experiments (though they are unfortunately by far less sensi- 
tive, they yield independent information on the background in the region of the 
expected signal [11, 12, 21, 22]). 

The evidence for neutrinoless double beta decay is supported by various other 
more recent experimental and theoretical results (see Table 8). Assuming the 
degenerate scenarios to be realized in nature we fix - according to the formulae 
derived in [34] - the common mass eigenvalue of the degenerate neutrinos to m 
= (0.1 - 3.6) eV. Part of the upper range is excluded by tritium experiments, 
which give a limit of m < (2.3 - 2.8) eV (95% c.L) [86]. The full range may only 
partly be checked by future tritium decay experiments [86], if at all [113]. 

The results from solar and atmospheric neutrino oscillations already yield, 
assuming degenerate neutrinos, a lower limit of the common mass eigenvalue of 
> 0.04 keV [99, 102]. 
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Recently improved information has come from investigatiohDof the cosmic 
microwave radiation, and from Large Scale Structure observations [97, 100, 101, 
116]. 

For WMAP a limit on the total neutrino masses of rris = < 0.69 eV at 

95% C.I., is given by the analysis of ref. [97]. It has been shown^ however, that 
this limit may not be very realistic [100]. The latter analysis shows that this 
limit on the total mass should be = '^rrii < 1.0 eV at 95% c.l. The latter 
analysis also shows, that four generations of neutrinos are still allowed and in 
the case of four generations the limit on the total mass is increased to 1.38 eV, 
i.e. the common mass eigenvalue would be 0.46 eV. If there is a fourth neutrino 
with very small mass, then the limit on the total mass of the three neutrinos is 
even further weakened. In Fig. 40 (see also [99]) we show the contour line for 
WMAP assuming < 1.0 eV. 

An analysis of CMB, large scale structure and X-rays from clusters of galaxies 
yields a ’preferred’ value for of 0.6 eV [101]. 

A recent analysis of SDSS -f WMAP yields < 1.7 eV [116]. 

Comparison of the WMAP results with the effective mass from double beta 
decay rules out completely (see [98, 99]) a 15 years old old-fashioned nuclear 
matrix element of double beta decay, used in another analysis of WMAP [85] . In 
that calculation of the nuclear matrix element there was not included a realistic 
nucleon-nucleon interaction, which has been included by all other calculations 
of the nuclear matrix elements over the last 15 years. 

As mentioned already in [23], the results from double beta decay and WMAP 
together may indicate that the neutrino mass eigenvalues have indeed the same 
CP parity, as required by the model of [91]. 

The range of (m) fixed in this work is, already now, in the range to be 
explored by the satellite experiments MAP and PLANCK [34, 97, 100]. The 
limitations of the information from WMAP, in particular the missing power to 
discriminate between different mass scenarios, are seen in Fig. 40 (see also in 
[5, 35]), thus results of PLANCK are eagerly awaited. 

The deduced best value for the mass is consistent with expectations from 
experimental /j, ej branching limits in models assuming the generating me- 
chanism for the neutrino mass to be also responsible for the recent indication for 
an anomalous magnetic moment of the muon [ 88 ]. It lies in a range of interest 
also for Z-burst models recently discussed as explanation for super-high energy 
cosmic ray events beyond the GKZ-cutoff [92, 93] and requiring neutrino masses 
in the range of 0.4 and (0.08 - 1.3) eV, respectively. A recent model with un- 
derlying A 4 symmetry for the neutrino mixing matrix also leads to degenerate 
neutrino masses > 0.2 eV, consistent with the present result from 0u/3P decay 
[90, 89]. The result is further consistent with the theoretical paper of [91]. Star- 
ting with the hypothesis that quark and lepton mixing are identical at or near 
the GUT scale, Mohapatra et al. [91] show that the large solar and atmospheric 
neutrino mixing angles can be understood purely as result of renormalization 
group evolution, if neutrino masses are quasi-degenerate (with same CP parity) . 
The common Majorana neutrino mass then must be, in this model, larger than 
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Fig. 40. The impact of the evidence obtained for neutrinoless double beta decay (best 
value of the effective neutrino mass (m) = 0.4 eV, 3cr confidence range (0.1 - 0.9) eV - 
allowing already for an uncertainty of the nuclear matrix element of a factor of ± 50%) 
on possible neutrino mass schemes. The bars denote allowed ranges of (m) in different 
neutrino mass scenarios, still allowed by neutrino oscillation experiments (see [35, 99]). 
All models except the degenerate one are excluded by the new Ou/S/S decay result. 
Also shown is the exclusion line from WMAP, plotted for < 1.0 eV [100] (which 

is according to [116] too strict). WMAP does not rule out any of the neutrino mass 
schemes. Further shown are the expected sensitivities for the future potential double 
beta experiments CUORE, MOON, EXO and the 1 ton and 10 ton project of GENIUS 
[36, 39, 106] (from [99]). 



0.1 eV. A Majorana nature of the neutrino is also concluded in the theoretical 
approach of [115]. 

The neutrino mass deduced leads to 0.002>~ 0.1 and thus may 

allow neutrinos to still play an important role as hot dark matter in the Uni- 
verse [40]. It could provide, what is required in a recent alternative cosmological 
’concordance model’ [103], based on an Einstein-de Sitter universe with zero 
cosmological constant, but requiring relic neutrinos with mass of order of eV. 



7 Conclusion - Perspectives 

Evidence for a signal at Qjsp on a confidence level of 4.2 cr has been observed 
confirming our earlier claim. Consequence of this evidence for neutrinoless double 
beta decay of is that total lepton number is not conserved^ and that the 
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neutrino is a Majorana particle. Recent information from many independent 
sides seems to condense now to a nonvanishing neutrino mass of the order of 
the value found by the HEIDELBERG-MOSCOW experiment. This is the case 
for the results from CMB, LSS, SDSS, neutrino oscillations, tritium beta decay, 
particle theory and cosmology. An analysis of CMB, large scale structure and 
X-ray from clusters of galaxies yields a ’preferred’ value for of 0.6 eV 

[101]. SDSS yields < 1.7eV [116]. The recent alternative cosmological 

concordance model requires relic neutrinos with mass of order of eV. 

The importance of this first evidence for violation of total lepton number 
and of the Majorana nature of neutrinos for particle physics and cosmology is 
obvious. It requires beyond Standard Model Physics. It has been discussed that 
the Majorana nature of the neutrino tells us that spacetime does realize a con- 
struct that is central to construction of supersymmetric theories [63] . The lepton 
number violation observed will have also implications for the Early Universe. 

Fig. 41 shows the present result and a comparison to the potential of the 
most sensitive other double beta experiments and the possible potential of some 
future experiments. 

With the HEIDELBERG-MOSCOW experiment, the era of small smart ex- 
periments is over. New approaches and considerably enlarged experiments would 
be required to fix the half life with higher accuracy. This will, however, 

only marginally improve the precision of the deduced neutrino mass, 
because of the uncertainties in the nuclear matrix elements, which probably 
hardly can be reduced to less than 50%. 

From future projects one has to require that they should be able to diffe- 
rentiate between a [3 and a 7 signal, or that the tracks of the emitted electrons 
should be measured. At the same time, as is visible from the present information, 
the energy resolution should be at least in the order of that of Ge semiconductor 
detectors, or better. These requirements exclude at present calorimeter experi- 
ments like CHORE, CUORICINO, which cannot differentiate between a j3 and 
7 signal, etc, but also experiments like EXO [ 112 ], if the latter will not be able 
to reconstruct the tracks of the electrons, as it seems at present. An in principle 
nice approach is the NEMO project, which can see tracks, but unfortunately 
has at present only a small efficiency, and a low energy resolution of more than 
200 keV. The most sensitive future project, is probably the GENIUS project, 
proposed already in 1997 [104, 105, 106, 37, 36, 38]. GENIUS seems to be the 
only of the new projects which simultaneously with its sensitivity for OuPP decay 
has a huge potential for cold dark matter search, and for real-time detection of 
low-energy neutrinos (see [108, 109, 110, 37, 38, 104, 19, 39, 36, 18]). 

However, the necessity of GENIUS has been probably overcome by the histo- 
rical development. The special potential of GENIUS for solar neutrinos was to 
look with large sensitivity to the LOW solution of the solar neutrino flux. Since 
K AML AND [94] it seems now, however, to be clear, that the LMA solution is 
realized in nature. Concerning cold dark matter, there is now a 6.4a signal from 
DAMA [107]. This could hopefully be checked already, exploiting the modula- 
tion signal, by the small GENIUS Test Facility, which has started operation with 
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Fig. 41. Present sensitivity, and expectation for the future, of the most promising /3j3 
experiments. Given are limits for (m) , except for the HEIDELBERG-MOSCOW expe- 
riment where the measured value is given (3cr c.l. range and best value). Framed parts of 
the bars: present status; not framed parts: future expectation for running experiments; 
solid and dashed lines: experiments under construction or proposed, respectively. For 
references see [36, 4, 5, 110]. 
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10 kg of natural Germanium detectors in liquid nitrogen in Gran-Sasso on May 
5, 2003 [25, 24, 26]. Before this experiment has not been completed, it is not 
clear, whether we need the full GENIUS for dark matter. The extreme sensiti- 
vity of GENIUS for Oi//3/5 decay search was required at a time, where there was 
no evidence of a 0ul3f3 signal. At present we have, however, a 4.2 a signal with a 
Ge experiment. 

So, if one wants to get independent evidence for the neutrinoless double beta 
decay mode, one would probably wish to see the effect in another isotope, which 
would then simultaneously give additional information also on the nuclear ma- 
trix elements. In view of the above remarks, future efforts to obtain deeper in- 
formation on the process of neutrinoless double beta decay, would require a new 
experimental approach, different from all, what is at present persued. 
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Abstract. The liquid Xenon (DAMA/LXe) set-up of the DAM A experiment at the 
Gran Sasso National Laboratories of the LN.F.N. and its results are addressed. In 
particular, new results achieved on the search for the charge- non-conserving decay of 
^^®Xe into ^^®Cs and on the search for the nucleon and di- nucleon decay into invisible 
channels in ^^®Xe are presented. They have been obtained by using the data collected 
over 8823.54 hours previously published investigating the ^^"^Xe and ^^®Xe double beta 
decay modes. 



1 The DAMA/LXe Experiment 

The DAMA/LXe experiment has realised several prototype detectors and, then, 
has preliminarily put in measurement the set-up used in the data taking of ref. 
[1, 2]; this was upgraded at fall 1995 as mentioned, e.g., in ref. [3, 4, 5, 6, 7]. The 
inner vessel contains 6.5 kg (i.e. 2 1 volume) of liquid Xe and has initially 

been filled with Kr-free Xenon enriched in ^^^Xe at 99.5% [8]. In 2000 the set-up 
has again been deeply modified reaching the configuration reported in fig. 5 of 
ref. [8] and can handle also Kr-free Xenon enriched in ^^®Xe at 68.8% [9, 10]. In 
this latter case, the interest has mainly been focused on the higher energy region; 
the energy scale in this region is determined with the help of external standard 
gamma sources near a flange located on the top of the detector by opening a 
limited upper part of the external shield. The typical response of the detector in 
this energy region has been shown in fig. 1 of ref. [10], where the energy resolution 
for 208T1 line {E^ = 2614 keV) is a - 220 keV. For ^^^Cs line = 662 keV), 
which is the source usually exploited for the routine calibrations, cr yields ~ 70 
keV [10]. The main features, performances and radiopurity of the set-up have 
been described in details in ref. [8]. 
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1.1 Summary of Main Results 

Already Achieved in Searches For Various Rare Processes 

We pointed out the interest in using liquid Xenon as target-detector for particle 
dark matter search deep underground since ref. [11]. 

Preliminary measurements both on elastic and inelastic WIMP-^^^Xe scat- 
tering have been reported in ref.[l, 3]. The recoil/electron light ratio and the 
pulse shape discrimination capability in a similar pure LXe scintillator have been 
measured both with Am-B neutron source and with 14 MeV ENEA-Frascati 
neutron generator [6]; moreover, in 2000/2001 further measurements on the re- 
coil/electron light ratio with 2.5 MeV ENEA-Frascati neutron generator have 
also been carried out [5]. 

After some upgrading of the LXe set-up, new results on the WIMP search 
have been obtained [4, 6]. In particular, in ref. [6] pulse shape discrimination 
between the recoils and electromagnetic background in pure LXe scintillators 
has been exploited, achieving a significant sensitivity both for spin-independent 
and spin-dependent coupled WIMPs. Afterwards the inelastic excitation of ^^^Xe 
by Dark Matter particles with spin-dependent coupling, preliminarily searched 
for in ref. [3], has been further investigated in ref. [4]. 

Several other rare processes have also been searched for by means of the 
detector filled with the Kr-free Xenon gas enriched in ^^^Xe. In particular, as 
regards the electron stability, limits on the lifetime of the electron decay in both 
the disappearance and the + 7 channels were set in ref. [2]. The latter has 
been more recently improved up to: 2. 0(3. 4) • 10^^ y at 90% (68%) C.L. [12]. 
Furthermore, new lifetime limits on the charge non-conserving electron capture 
with excitation of ^^^Xe nuclear levels have also been established to be in the 
range (1 — 4) • 10^^ y at 90% C. L. for the different excited levels of ^^^Xe [13]. The 
stringent restrictions on the relative strengths of charge non-conserving processes 
have been derived: < 2.2 • 10“^^ and < 1.3 • 10“^^ at 90% C.L. [13]. 

The nucleon and di- nucleon decay into invisible channels has also been search- 
ed for by exploiting a new approach [14]. In fact, the radioactive daughter nuclei, 
created after the nucleon or di- nucleon disappearance in the parent nuclei, have 
been investigated [14]. This approach has the advantage of a branching ratio 
close to 1 and ~ if the parent and daughter nuclei are located in the detector 
itself - also of an efficiency close to 1. The obtained limits at 90% C.L. are: 
t(p ^ invisible channel) > 1.9 • 10^^ y; r(pp — > invisible channel) > 5.5 • 10^^ y 
and r{nn invisible channel) > 1.2 • 10^^ y. These limits are similar or better 
than those previously available; the limits for the di- nucleon decay in have 
been set for the first time; moreover, these limits are valid for every possible 
disappearance channel [14]. 

Finally, measurements have been carried out by using the Kr-free Xenon gas 
containing 17.1% of ^^^Xe and 68.8% of ^^^Xe. The data collected over 8823.54 
hours have been considered to investigate the ^^“^Xe and ^^^Xe double beta decay 
modes. After the preliminary results of ref. [9, 15] a joint analysis of the 0u/3p 
decay mode in ^^^Xe and in ^^^Xe has been carried out as suggested in ref. 
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Fig. 1. Experimental data (crosses, filled and open circles) with superimposed the 
background contribution (continuous line). In the inset: the residuals as a function of 
the energy; the gaussian peaks represent the expected signals for the 0i^/3/3(0‘^ — > 0“*~) 
decay mode in ^^^Xe and in ^^®Xe when T 1/2 = 5.8 • 10^^ y and T 1/2 = 1.2 • 10^^ y, 
respectively. For details see ref. [10] 



[16] . In principle, this kind of analysis could improve the information obtained 

when separately studying the two isotopes. In Fig. 1 the data collected in the 
(0.55 - 3.55) MeV energy region are shown. New limits on various /3/? decay 
modes have been obtained: for the 0i^^/5(0“^ decay mode in ^^^Xe and 

in ^^^Xe the limits at 90% C.L are: T 1/2 = 5.8 • 10^^ y and T 1/2 = 1-2 • 10^^ 
y, respectively. They correspond to a limit value on effective light Majorana 
neutrino mass ranging from 1.1 eV to 2.9 eV (90% C.L.), depending on the 
adopted theoretical model. For the neutrinoless double beta decay with Majoron 
(M) the limit is: T 1/2 > 5.0* 10^^ y (90% C.L.); for the 2z//?/3(0"^ -> 0“*") and the 
2z//3/3(0'^ 2+) decay modes in ^^^Xe the limits at 90% C.L. are: 1.0 • 10^^ y 

and 9.4 • 10^^ y, respectively. It is worth to note that the experimental limit on 
the 2v(3f3{fd'^ 0~^) decay mode is in the range of the theoretical estimate by 

[17] (2.11 • 10^^ y) and about a factor 5 higher than that of ref. [18] 



® On the other hand, similar theoretical estimates suffer of the large uncertainties 
typically associated to the calculations of the nuclear matrix elements. 
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2 New Results 

The data collected during 8823.54 hours with the ~ 6.5 kg LXe scintillator 
enriched in the ^^^Xe isotope - already published and used for other rare event 
searches (see before) [ 10 ] - have also been considered to search for: i) charge 
non-conserving decay of ^^®Xe into ^^^Cs; ii) the nucleon and di- nucleon decay 
into invisible channels of the ^^^Xe isotope. The obtained results are presented 
in the following. 

2.1 The Search For Charge-Non-Conserving Decay of ^^®Xe 
into i3®Cs 

The conservation of the electric charge, which is related with a gauge invariance 
and masslessness of a photon in accordance with the Weinberg theorem, is consi- 
dered as an absolute law in the standard quantum electrodynamics. Nevertheless, 
the possibility of charge non-conserving (CNC) phenomena has widely been di- 
scussed in the literature (see [19] and references therein) mainly in connection 
with future unified theories and with the possible existence of extra dimensions. 

The best up-to-date limits on the CNC processes were established both in 
searches for electron instabilities (electron disappearance or decay into invisible 
channels: Tg > 2.4 • 10^"^ y[20], electron disappearance with excitation of low- 
energy nuclear levels: Tg > 3.7 • 10^^ y[13], and electron decay into a neutrino 
and a 7 quantum: Tg > 4.6 • 10 ^^ y [ 21 ]; all limits are at 90% C.L.) and in 
searches for proton instabilities (disappearance or decay into invisible channels: 
Tp > 3.5 • 10^^ y [22], and limit independent on decay mode: > 4.0 • 10^^ y at 

95% C.L. [23]). 

An additional approach is used here. It consists in the investigation of the 
CNC processes by the search for the possible CNC decay firstly considered in 
[24]: if in a decay (A, Z) — > (A, Z + 1 ) -h e~ -h Tg some massless uncharged 
particle would be emitted instead of the electron (e.g., or 7 or Majoron), 
an additional 511 keV energy is at disposal. Thus, usually forbidden decays to 
the ground state or to the excited levels of the daughter nuclei would become 
energetically possible. The presence of the (A, Z -h 1) isotope or of its daughter 
products in a sample, initially free from them, would indicate the existence of 
the CNC decay searched for. In particular, large advantages arise when the so- 
called “active-source” technique (source = detector) is considered as in the case 
described here. 

In particular, after the possible ^^®Xe CNC decay, the daughter nucleus ^^®Cs 
will be created. It is (3 unstable (Ti /o = 13.16 d) with quite high energy release 
{Q(3 = 2.548 MeV) [25, 26]. 

The expected response function of the LXe detector for the (3 decay of ^^®Cs 
has been simulated with the help of the EGS4 package [27]. The whole scheme 
of the decay [25, 26] with 6 levels of ^^^Ba fed and 22 possible transitions in 
the following deexcitation process in ^^^Ba was implemented in an event genera- 
tor which described the initial kinematics of the events. The simulated response 
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Fig. 2. Experimental energy distribution measured during 8823.54 h by the ~ 6.5 
kg LXe detector in the 550-3550 keV interval (thick histogram). Inset: the expected 
response function of the LXe detector for ^^®Cs (3 decay. The shaded histogram in the 
main part corresponds to the CNC decay of ^^®Xe into ^^®Cs with tcnc = 1.3 • 10^^ y 
excluded at 90% C.L. in the most conservative approach. 



function of the (3 decay is shown in the inset of Fig. 2. Comparing the ex- 

perimental energy distribution with the expected response function, no evidence 
for the effect searched for has been found. As a first step, the limit on the ampli- 
tude of the ^^^Cs [3 decay can be determined by exploiting a very cautious and 
simple approach, just demanding that the signal cannot exceed the experimental 
energy distribution in any region (see Fig. 2). After, a more realistic strategy 
consisting in a widely considered two-steps procedure has been applied: (1) the 
background in an appropriate energy region of the signal is extrapolated from 
the neighboring regions; (2) the amplitude of the signal is estimated using the 
residuals in the signal region. The background model has been described by the 
sum of an exponential and a straight line^. The fit of the experimental energy 
distribution by such background model is shown in Fig. 3; the energy region 
800-1650 keV — where a peak in the response function of the ^^®Cs decay is 
expected — has been excluded from this fit. The experimental data are well 
described by the background model: x^/^.d.f = 0.74. 



^ Other parameterizations gave similar results. 
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Fig. 3. Experimental data of the LXe 6.5 kg detector, shown as circles with error bars, 
together with fit by the background model (continuous line). Experimental points, 
excluded from the background fit, are shown as open circles. Inset: residuals between 
the experimental spectrum and the background fit (circles) and 90% C.L. excluded 
distribution of the CNC decay of ^^®Xe into ^^®Cs with tcnc = 1.3 • 10^^ y (shaded 
histogram) 



Thus, the life-time limit^ is: rcA/^c(^^^Xe-^^^®Cs) > 1.3 • 10^^ y at 90% C.L. 
The found rcA/'cC^^^Xe-^^^^Cs) limit is one of the highest available limit for 
similar processes [7] ; however, the bound on the charge non-conserving admixture 
in the weak interactions which can be derived, according to ref. [28] is modest: 
el < l.l'lO""^ at 90% C.L., mainly due to the high degree of forbiddeness of the 
considered CNC transition. 

2.2 The Search For Nucleon And Di-Nucleon Decay Into Invisible 
Channels in ^^®Xe 

The same data used for the analyses described above (8823.54 h of measure- 
ments) have been considered to investigate possible nucleon and di-nucleon de- 
cays into invisible channels for the ^^®Xe isotope: disappearance or decay to 
neutrinos, Majorons, etc. 

^ Close results were also obtained by exploiting other procedures for data analysis. 
In particular, fit of the experimental spectrum in the whole energy region simulta- 
neously by the sum of the background model (exponent -h straight line) and ^^®Cs 
j3 decay response function gave exactly the same rcArc(^^®Xe— )-^^®Cs) limit. 
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The approach, exploited in [14] at the first time, consisted in a real-time 
search for radioactive decay of unstable daughter nuclei created as result of 
the N or NN disappearance in parent nucleus. As mentioned if half-life of the 
daughter nucleus is of order of 1 s or greater, such a decay will be time-resolved 
from prompt products if they were emitted and observed in a detector. Here, 
in contrast with our previous experiment when the set-up was filled in ^^^Xe at 
99.5%, the set-up has been filled with the Xenon enriched in ^^^Xe at 68.8%; 
this gives possibility to investigate in addition the case of the np disappearance 
not studied previously. 

After the disappearance of one or two nucleons in the parent ^^^Xe nucleus, 
the following nuclei will be created inside the sensitive LXe volume: ^^^Xe (n 
decay); {p decay); ^^^Xe (rm decay); (np decay); ^^^Te {pp decay). Since 
the ^^^Xe nucleus is stable, it is not possible to search for the nn disappearance 
in the present case. 

The expected response functions of the LXe detector for the f3 decays of 
^^^Xe, and ^^^Te were simulated with the help of the EGS4 package 

[27]. The whole schemes of the decays, using the information from ref. [29] for 
the A = 134 mass chain and ref. [30] for the A = 135 chain, were implemented 
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Fig. 4. Simulated response functions of the LXe 6.5 kg detector for the decays of 
^54 Xe (produced inside the detector in result of the n disappearance in ^ffXe), {p 
disappearance), ^fll {np disappearance) and ^||Te {pp disappearance) 
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in an event generator which described the initial kinematics of the events. For 
example, 23 levels of ^^^Xe populated in f3 decay and 85 different transitions 
in the following dexcitation process were taken into account; possibility to emit 
conversion electron or e+e“ pair instead of 7 quantum in such transitions were 
also considered. The simulated response functions are shown in Fig. 4. 

Comparison of the experimental spectrum (see Fig. 5) with the calculated 
response functions gives no indication for the /3 decays of the nuclides created 
in result of the N and NN disappearance in ^^®Xe. Thus only the limits on the 
probability of these processes have been extracted: > 3.3-10^^ y, Tp > 4.5-10^^ 

X '^np > 3.2 • 10^^ y and Tpp > 1.9 • y at 90% C.L. (Fig. 5 demonstrates the 
case of the pp decay). These restrictions are valid for any ’’invisible” channel in 
which nucleons or di- nucleons disappear (e.g. into extra dimensions) or decay 
emitting some weakly interacting particles which do not destroy the daughter 
nucleus (neutrinos of any flavours, Majorons, etc.). 

The values for and Tp are lower than those given by other experiments, 
while the Tpp limit is near 3 times higher than that obtained in our measurements 
with ^^^Xe: 5.5 • 10^^ y [14] (however, it is lower than the value declared recently 




Fig. 5. Experimental spectrum measured during 8823.54 h (thick histogram). The 
shaded histogram is the response function for the chain of (3 decays ^^^Te + which 
corresponds to the pp disappearance with = 2.1 • 10^^ y excluded at 90% C.L. in 
the most conservative approach. In the inset the residuals between the experimental 
spectrum and the background fit are shown (points with error bars) together with 
excluded ^^^Te + distribution for Tpp = 1.9 • 10^^ y (shaded histogram). 
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by the BOREXINO Collaboration, > 5.0 • 10^^ y [31]). Finally, the r^p limit 
has been determined here for the first time. 



3 Conclusions 

The DAMA/LXe set-up has been improved with time passing and has allowed 
to achieve competitive results in the searches for various rare processes. Here, 
in particular, new results on the seach for the charge-non-conserving decay of 
^^^Xe into ^^^Cs and for the nucleon and di- nucleon decay into invisible channels 
with ^^^Xe - obtained by using data already published - have been presented. 
Further data taking is foreseen. 
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Universite Paris XI, bat 108, 91405 Orsay, Prance 
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Abstract. The present generation of double-beta experiments is limited by two main 
backgrounds : surface alpha interactions and Compton interactions from high-energy 
gamma-ray lines. Using the detector developments realized for the EDELWEISS Dark 
Matter experiment, we propose a strategy to eliminate completely the alpha radio- 
activity background and to reduce by nearly two orders of magnitude the Compton 
background. This would lead to a nearly background- free experiment, and an effective 
neutrino mass sensitivity of 15 meV achieved in three years with a one- ton array of 
ionisation- heat ^®Ge detectors. In a first stage, the existence of the double-beta 0-i^ 
Heidelberg candidate could be tested in a few years in the EDELWEISS-II cryostat. 



1 Introduction 

Over the last few years, the Super kamiokande, the SNO and the Kamland ex- 
periments have allowed to establish with good confidence that neutrinos are 
massive. Although cosmological constraints imply that neutrinos are unable to 
represent the solution to the Dark Matter enigma [1], understanding the neutrino 
mass hierarchy appears as one of the key problems of contemporary physics. In 
this respect, the observation of neutrinoless double-beta decay would provide 
a unique tool to access an effective electron neutrino mass below 100 meV [2], 
inaccessible to direct measurements. 

Here, we want to show that a large-scale (several hundred kilograms) cryo- 
genic germanium experiment, using developments realized for the EDELWEISS 
Dark Matter search, could lead to a nearly background- free double-beta decay 
experiment, able to reach a sensitivity on the effective neutrino mass of ~ 15 
meV for a measurement time of three years. The zero-neutrino double beta de- 
cay of a ^^Ge nucleus is detected by the observation of two electrons, usually 
indistinguishable in solid state detectors due to their limited range (a fraction of 
a millimeter), at a total energy of approximately 2039 keV. For present genera- 
tion germanium double beta decay experiments, until now the best competitors 
for double-beta decay [3, 4], the limitations originate from alpha tails associated 
with surface alpha contamination, and from Compton interactions associated 
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with the high energy gamma-ray background, both populating rather uniformly 
the high-energy region around 2 MeV. The allowed 2-v double-beta decay also 
represents a background, and an excellent energy resolution is necessary to limit 
the contribution of this process to the signal searched. 

In the following, we discuss the strategies followed by the main present (3f3- 
decay experiments together with the novel features brought by a dedicated en- 
riched ^^Ge cryogenic experiment. 



2 Strategies for Tonne-Scale /3/3-Decay Experiments 

Beyond the present generation of experiments, with GENIUS-TF [5], NEMO- 
III [6] and CUORICINO [7] as the main contenders, several strategies have been 
proposed for third generation experiments with a total mass of source material 
in the 100 kg to 1 tonne range. 

The GENIUS project [8], proposing two stages with 1 ton and 10 tons of en- 
riched ^^Ge detectors, has based its approach on the excellent germanium purity. 
The analysis of data accumulated over several years in the Heidelberg- Moscow 
experiment indicated that the most prominent contributions to the backgro- 
und originated from the copper structure surrounding the detectors. Therefore, 
GENIUS intends to reduce the surrounding materials to a minimum, and the 
proposed shielding is made by a 13 m diameter tank of ultrapure liquid nitro- 
gen. Prototype detectors have been operated successfully in liquid nitrogen with 
FETs deported at distances of up to several meters, with energy resolutions 
comparable or even better than those obtained with conventional detectors. Ho- 
wever, to be able to measure an effective neutrino mass of ~ 20 meV or below, 
the radioactive background of a 0-z^ double-beta decay experiment must be re- 
duced, by reference to the best existing detectors, by three orders of magnitude. 
Similarly to the Heidelberg-Moscow experiment [4], pulse shape discrimination 
(PSD) techniques will be applied and will be used to identify a significant frac- 
tion of the alpha and multisite events. 

According to the GENIUS proponents, the main limiting factors are therefore 
the radioactivity of all other materials than the germanium target. The internal 
radioactivity of germanium itself, resulting from cosmogenic activation, and most 
notably ^^Ge, is then the second most prominent background. The success of 
GENIUS requires that all materials other than liquid nitrogen and germanium 
are of limited mass and radioactively ultrapure. These additional components 
(wiring, charge collection electrodes, etc.) must contribute for less than typically 
0.1% of the present contribution to the background of the Heidelberg-Moscow 
experiment. This level of extrapolation requires an intermediate test, which is 
presently attempted with the GENIUS-TF facility, using a total of 14 HPGe- 
detectors with a total active mass of ~ 40 kg. Underground crystal fabrication 
is explored, as this would reduce the ^^Ge activation by one to two orders of 
magnitude (depending on the fabrication site and transport duration to the 
Gran Sasso deep-underground laboratory). 
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The same collaboration has tested in the Heidelberg Dark Matter Search 
(HDMS) experiment [9] the concept of anticompton detector. A small germanium 
crystal is almost completely surrounded by a well-type germanium detector. For 
single site energy deposition events, such as WIMP or double-beta decay, the 
Compton background can be suppressed using the anticoincidence between the 
internal and external crystals. Extensive tests of the HDMS detector have shown 
that the anticoincidence at high energies reached a factor ~ 20, while at low 
energies the ancoincidence rejection factor was limited to ~ 2-4 in the energy 
interval relevant for Dark Matter search. Although this strategy can hardly be 
extended to a tonne-scale experiment, the results of the HDMS experiment show 
that relatively large anticompton rejection factors can be obtained in a very 
compact geometry with individual detector mass in the few hundred gram range. 
This result will be relevant for the following discussion. 

Based on the developments realized in the International Germanium Expe- 
riment (IGEX) collaboration [3], the Majorana project [10] has reached a diffe- 
rent conclusion on the main limiting background for double-beta decay. The 
cosmogenic activation of ^^Ge, with lifetime T 1/2 == 271 days, and ®^Co with 
a lifetime of 5.271 years, are considered as the main backgrounds, and radon 
contamination is also considered as a significant background in the high-energy 
signal region (~ 2.039 MeV). 

The CUORICINO experiment [7], test stage of the CUORE experiment [11], 
is using an original and different approach. Using a compact structure of 
44 X 760 g modules and 18 x 340 g Te02 bolometric detectors, operated at 
T ~ 10 mK, this experiment presents a total target mass of ^ 40 kg. The cos- 
mogenic activation is not a problem here since radioactive isotopes of oxygen 
and tellurium are short-lived. The main problem encountered by the CUORI- 
CINO experiment appears to be related to the alpha contamination of the crystal 
surface and of the copper and teflon structures facing the detectors. Although 
the U/Th contamination can be kept at very low levels, surface implantation of 
heavy nuclear elements by radon disintegration appears as a major problem and 
is extremely difficult to control at the level required to reach the target sensi- 
tivity of the CUORE and GENIUS experiments. Although this might not be a 
problem for the GENIUS experiment due to the passivation of a large fraction 
of the crystal surface, these surface implantations lead in the CUORE experi- 
ment to a continuous background overlapping the 0-z/ double-beta decay energy 
region. 

Therefore, the techniques presently developed in the main double-beta decay 
experiments require an extropolation by several orders of magnitude in their 
background performances to be able to reach a negligible background level in 
the signal region of double-beta decay for a tonne-scale experiment. 
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3 Cryogenic Germanium Detectors: 

Experimental Strategy 

It may seem that the difficulty of operating cryogenic detectors at very low tem- 
peratures is an important drawback, only justified by their excellent discrimi- 
nation properties between nuclear recoils and electron recoils. But double beta 
decay involves electron recoils, not nuclear recoils while, as noted previously, 
the two main backgrounds are represented by surface alpha interactions and 
Compton interactions from high-energy gamma-ray lines. 

3.1 Alpha Contamination 

The cryogenic germanium charge-phonon detectors developed in the EDEL- 
WEISS Dark Matter experiment can get rid of the alpha background very ef- 
ficiently through the simultaneous measurement of the charge and phonon sig- 
nals [12]. Surface alpha particles have, compared to bulk electron recoils, a lower 
charge-to-phonon ratio which makes them easily identifiable. At MeV energies, 
this separation is nearly perfect. 

This important background, presently the main background for the MIDBD 
and CUORICINO experiments [13, 7], would then be completely eliminated in 
our setup. More generally, all interactions occurring close to the surface are iden- 
tified by their anomalous charge/phonon ratio 0.5). Alpha contaminations in 




Time (s) 



Fig. 1. Single 1.33 MeV ®°Co 7 -ray event as recorded on the electrode of a prototype 
Ge detector, 20 mm diameter and 10 mm thick. 
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the bulk of germanium detectors and in the energy region of interest (approxi- 
mately 2 MeV) are expected to be negligible and identified by their total energy. 
Even in this case, a pulse shape analysis of the fast risetime structure of the 
charge signal has shown that alphas can easily be discriminated from minimum 
ionizing tracks. Figs. 1 and 2 illustrate this discrimination on single 7 -ray and 
alpha interactions. 



Surface alpha interaction 




Time (s) 

Fig. 2. Single 5.49 MeV alpha surface interaction from an ^^^Am source. Time scale, 
amplitude scale and data taking conditions are identical to those of Fig 1. Note the 
larger collection time for the alpha surface interaction compared to the volume 7 -ray 
interaction, and the rounded shape of the current signal for the alpha pulseshape. Also 
note that the alpha amplitude is quenched by a factor ~ 2.5 due to the incomplete 
collection at the crystal surface. Collection voltage : -6.4 V, temperature 50 mK. 



3.2 Gamma- Ray Background 

High-energy gamma-ray lines can, through multiple Compton energy deposits, 
populate rather uniformly the high-energy region around the double-beta decay 
Q value. The anti-Compton strategy, studied in recent years by the HDMS well- 
type germanium detector [9] , can be further extended in a cryogenic germanium 
experiment. It is based here on three complementary aspects. 

Firstly, a very compact geometrical arrangement of the crystals, each of dia- 
meter approximately 100 mm, and 30 mm thick, shaped hexagonally, will be 
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used, with the supporting copper beams of the detector structure only represen- 
ting of the order of 10% of the total crystal mass. Although challenging, such a 
compact structure is presently realized in the CUORICINO experiment. Preli- 
minary discussions with Canberra-Eurisys show that such 1-kg Ge crystals can 
be realized at a reasonable cost. 

Secondly, the charge signal of each crystal of cylindrical shape will be ana- 
lyzed at a frequency of 500 Msamples/s. As was shown by Broniatowski et 
al. [14, 15] in developments realized for EDELWEISS, the analysis of the time 
structure of the charge risetime, typically a few hundred ns for the electric fields 
used and a 3-cm thick Ge detector, allows a precise determination of the inter- 
action position. The position resolution is presently ^ 1 mm at 122 keV, under 
conditions where the charge signal develops over a time scale of approximately 
250 ns/cm at collection voltages of a few volts/cm. The time structure of a single 
122 keV gamma-ray event on both center and guard electrodes of a test Ge de- 
tector (real event and best fit from a collection of calculated templates) is shown 
in Fig. 3, illustrating the previous statement. Electronics developments realized 
for the CERN LHC have considerably lowered the cost and power consump- 
tion of digitizing means with precision > 10 bits and > 500 Msamples/s [16]. 
In addition, further improvements, by a factor ^ 3, in the charge signal/noise 
ratio are expected through the use of specific ultra-low noise (~ 0.2 nV/V^ 
at frequencies > 10^ Hz) GaAs HEMTs operating at 4 K and developed at the 
LPN Marcoussis [17, 18]. 

Thirdly, the charge signal would be analysed on several (typically 5 to 10) 
electrodes, similarly to the Majorana project [10]. Based on the present perfor- 
mances of our prototypes, the combined time structure of the charge signals on 
these electrodes is expected to constrain the position of the interaction to 0.2 
mm along the vertical axis and better than 1 mm in the radial coordinate. The 
position determination of the interaction in each detector will be used to reject 
events occurring with multiple energy deposits. For a detector thickness of 3 cm, 
the anti-Compton rejection factor for multiple interactions occurring in a single 
detector is then expected to be ~ 100. 

Therefore, the essential differences between the classical germanium approach 
and our proposal relies on several complementary properties : 

• firstly, the surface of cryogenic detectors need not be passivated since all 
surface alpha contaminations can be easily identified through their anomalous 
charge/phonon ratio ; 

• secondly, this absence of passivation allows to use large surface electrodes 
and to keep the cylindrical symmetry of charge collection, making the fast 
time analysis of the charge signal much easier to interpret, unlike the classical 
approach where a large fraction of the surface is passivated ; 

• thirdly, the collection field is low, a few volts, in order to reduce the Luke- 
Neganov dissipation in the detector. The time structure of the charge signal 
can be approximated to an excellent precision by the sum of two constant 
currents during the drift of both electrons and holes, and by one constant 
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Fig. 3. Single 122 keV 7 -ray event as recorded on the center and guard electrodes 
of a prototype Ge detector 10 mm thick. Best fits according to pulseshapes predicted 
by simulation superimposed. Collection voltage : 6.2 V, temperature 16 mK (from 
Ref. [14]). 



current after the arrival at the surface of one of the two carrier species. 
Electron and hole mobilities have been measured and have been shown to be 
close to each other [14]. 

In addition, we plan to design a dedicated set of electrodes to optimize the 3- 
D information of energy deposition inside the detector. Several approaches have 
been proposed for classical detectors [19, 20, 21] and position resolutions of the 
order of 1 mm have been obtained on prototype detectors (see, e.g., [19]). 



4 Neutrino Mass Sensitivity 

The present background rate obtained in the EDELWEISS-I experiment is ~ 
1.5 event /kg/keV/day at energies of a few keV, and is ~ 2 event /kg/keV/year 
at 2 MeV. A one-ton /3/?-decay experiment would involve the fabrication of ger- 
manium crystals and ultrapure copper structure in an underground site, with 
much reduced U /Th content and cosmogenic activation of all surrounding mate- 
rials. We make the rather conservative hypothesis that one order of magnitude 
improvement over the present EDELWEISS-I background performances can be 
obtained with these precautions. Such background performances are comparable 
to those of existing small-scale germanium experiments, such as the Heidelberg- 
Moscow experiment and do not require an important level of extrapolation. 
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These background performances are expected to be met in the EDELWEISS-II 
experiment. 

We also assume a 0.2 millimeter resolution in the determination in the axial 
coordinate of the interaction, which appears conservative for 30 mm crystals and 
2 MeV interactions. Combined with the radial information on all electrodes, and 
complemented by the compact crystal structure, this results in a factor of the 
order of 50-100 in the anticompton efficiency. Although probably conservative, 
this number will have to be estimated more precisely using Monte-Carlo simu- 
lations. As a matter of comparison, the anticompton efficiency obtained by the 
HDMS experiment at MeV energies, with a much coarser resolution, is ~ 20. 

The energy resolution of bolometers at high energies has been shown by the 
Milano group to be of the same order or even superior to the energy resolution 
of conventional germanium detectors at 2 MeV, i.e. approximately 3 keV [22]. 
At lower energies, EDELWEISS has obtained resolutions better than 0.6 keV 
on 320 g Ge detectors [23]. We make the assumption of a 3 keV resolution at 2 
MeV, which leads to a negligible background from the allowed 2-iy double-beta 
decays of germanium. 

Therefore, with a pessimistic anticompton efficiency of a factor 50, 6 back- 

ground counts per year and per ton of germanium would remain within the 
resolution of the 2039 keV double-beta decay peak for an optimized (1.4 a) 
peak- over- noise selection. A one-ton enriched ^^Ge cryogenic double-beta decay 
experiment (the mass of the first stage of the GENIUS project) would then be 
able to propose a nearly background- free double-beta decay measurement, rea- 
ching a ui effective mass sensitivity of ~ 15 meV with a 4-cr precision in three 
years. 

As an intermediate stage, we can test our strategy by looking for the 0- 
u double-beta decay candidate reported by Klapdor et al. [24]. The statistical 
significance of this O-u candidate has been criticized by Aalseth et al. [25] , but a 
recent analysis [26] appears to confirm the initial claim, albeit at a ~ 2.1 sigma 
level. This claim could be tested in the next few years using 21 x 1 kg dedicated 
^^Ge detectors operated in the EDELWEISS-II cryostat. 
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Abstract. The XMASS project utilizes ultrapure liquid xenon and aims to detect 
pp and ^Be solar neutrinos by means of z/ -f e scatterings. Our goal is a 10 1 scale 
detector in which an ultralow background can be realized in a fiducial volume. Since it 
requires extremely low background, it will give great opportunities for us to search for 
dark matter and double beta decay signals with high sensitivity. Here we will discuss a 
detector design common for solar neutrino and dark matter detection and a new design 
devoted for the double beta decay experiment. The status of the current 100 kg xenon 
detector will also be shown. 



1 Introduction 



The recent observations by Super-Kamiokande[l] and SNO[2] experiments pro- 
vided the evidence that the solar neutrino problem is caused by neutrino oscil- 
lations. Furthermore the first result from KamLAND[3] strongly supports the 
evidence. However, the solar experiments only observed neutrinos which con- 
tain a very small fraction (0.17%) of solar neutrinos. Most of the solar neutrinos 
are low energy, so called pp and ^Be neutrinos. The next generation solar neu- 
trino experiments should reveal solar neutrino spectrum and provide a better 
understanding about solar neutrino oscillations. 

The XMASS project [4, 5, 6] utilizes liquid xenon as a scintillator and aims 
to detect pp and ^Be neutrinos. Although there are many advantages for using 
liquid xenon as a solar neutrino detector, no directional information nor coin- 
cidence information for solar neutrinos are available. Therefore, it is clear that 
we must realize an ultralow background in the fiducial volume of the detector. 
The key idea for it is to utilize the self-shielding power of xenon. We only need 
30 cm to shield low energy external gamma rays since xenon has a large atomic 
number. The self shielding is quite useful for solar neutrino detection as well as 
dark matter detection. 

Since the solar neutrino detector requires large mass, we are now designing 
an 800 kg detector which aims to detect dark matter but is also important as a 
prototype of the solar neutrino detector. It can give very important results for 
dark matter search and provide a good milestone for solar neutrino detection. It 
will be discussed in Sec. 4. 
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In Sec. 3, the current status of the 100 kg detector is shown. We are ready to 
demonstrate actual vertex and energy reconstruction, self shielding, and purifi- 
cation method. 

However, the self shielding for higher energy is not effective. A few MeV 
gamma rays can penetrate xenon without any interaction. Since PMTs have 
large radioactivity in general, we cannot reduce background effectively at the 
Q value of the double beta decay of ^^^Xe, 2.48 MeV. This prohibits the use of 
PMTs near the sensitive volume. To overcome this situation, we need another 
detector design. It is discussed in Sec. 5. 
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Fig. 1. Self shielding effect. External gamma rays from U and Th chain are assumed. 
The horizontal axis corresponds to the depth of interacted vertex measured from the 
detector surface. If we define a fiducial volume 30 cm inside the detector, six orders of 
magnitude in reduction can be expected for low energy events. 
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2 General Properties of Xenon and Self Shielding 



The most important property of liquid xenon is its light yield as a scintillator. 
It gives 42,000 photons for 1 MeV energy deposition by an electron, which is 
comparable with that for Nal(Tl). Although the scintillation lights are vacuum 
ultral violet (VUV), they can be directly read out by PMTs. 

As for the background due to the radioactive sources inside the detector, 
we have prospects to realize the required background as discussed in Ref. [4]. 
The prospects are mainly because xenon is a rare gas, and can be purified by 
using gas phase, liquid phase, and solid phase. One more important advantage 
is that we can purify xenon even after the experiment starts. If we use crystal 
scintillators or doped liquid scintillators, this is quite difficult to perform. 

The effect of self shielding is shown in Fig. 1. Since the Z of xenon is 54, 
the photoelectric effect works well to absorb external gamma rays. The figure 
shows that 30 cm is enough to absorb low energy gamma ray background. If the 
volume is divided into many sub-detectors, we cannot utilize this advantage. It is 
noteworthy that the recent, mostly successful experiments of Super-Kamiokande, 
SNO, and KamLAND employed this kind of design and reduced their background 
as expected. 




Fig. 2. 100 kg detector. 
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3 100 kg detector 



The motivation of the 100 kg detector is to confirm our key ideas. It is important 
to demonstrate the self-shielding of liquid xenon, vertex and energy reconstruc- 
tion, low background environment, electron/gamma ray separation, attenuation 
length, and a newly developed purification system. The details of background 
estimation and the reconstruction method are described in Ref. [5] . Fig. 2 shows 
the photograph of 100 kg LXe chamber. 

On Feb. 2003, we performed a cooling test and took test data with this 
detector. Since we used only 6 PMTs to avoid possible damage for all PMTs we 
have, data itself is difficult to discuss. However, the most important things from 
the test are that the operation was quite smooth and stable and that the handling 
of the large amount of xenon was safely done. This is mainly because we prepaired 
many monitors: five level sensors which monitor the level of liquid xenon, 22 
temperature sensors, two vacuum gauges, two pressure gauges, and a gas flow 
meter. We successfully operated the detector with complete understanding of 
the low temperature behavior of the detector. 




0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 

6 PMT sum [ADC channel] 



Fig. 3. Background test data with 6 PMTs without any gamma ray shield. Each PMT 
is located at the center of each face. Horizontal axis corresponds to the summation of 
ADC channel for 6 PMTs after subtracting their pedestals. Top histogram shows the 
raw data in which ADC cutoff can be seen around 3600 channel. To constrain for the 
vertices, we applied a balance cut by using cr/yt/, in which a is the variance of 6 PMT 
counts and jj. is the average of 6 PMTs. 



XMASS Experiment 389 



Fig. 3 shows a raw distribution of ADC counts for background data. Although 
its resolution is very poor, we can see small bumps around 3300 counts and 1900 
counts, which are suggested as a peak and a peak. A Monte Carlo study 
including scintillation photon propagation gives similar ADC distribution. For 
detailed discussion, we need to wait for a full operation scheduled in this summer 
where all 54 PMTs will be installed and event reconstruction will be applied. 

An unexpected but most encouraging thing is that the PMTs seemed to be 
working well though they were cooled down to — 90C. Since we did not expect 
they would work at this low temperature, we put thermal insulators between 
PMTs and the chamber. Although it is our failure that we cooled them down 
to — 90C, we accidentally showed they can work at this temperature without 
damage. One thing we added to the PMT design is aluminum strips on their 
photocathode which avoid increasing resistance of the photocathode at low tem- 
peratures. It turned out that they worked very well. 

After the experiment, we are now working for construction of an external 
gamma ray and neutron shield. Our shield consists of five layers, 15 cm thickness 
of polyethylene sheet, 5 cm thickness of Boric Acid powder, 190 /j,m thickness of 
EVOH sheet, 15 cm thickness of lead blocks, and 5 cm thickness of oxygen free 
copper bars. Since it has a sliding door, it is easy to access inside the shield. 
Fig. 4 shows the shield with its door opened. Almost all of the parts inside the 
shield was chosen based on the measurement by a HPGe gamma ray detector. 
Our estimation of background suggests the PMTs will be the main source of 
background even they are low background PMTs. 




Fig. 4. External gamma ray and neutron shield. 
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4 800 kg Detector 



Since the signal of dark matter increases exponentially as we lower the energy 
threshold, photoelectron yield is most important for dark matter searches. Ho- 
wever, the 100 kg detector has only 0.6 p.e./keV[5] due to its low photocathode 
coverage by PMTs. Hence it cannot give a low energy threshold expected for 
dark matter detection. In addition to that, the 100 kg detector has difficulty 
in event reconstruction since PMTs have some dead angles inside the detector. 
This is because the detector has a cubic shape geometry and total reflection at 
the windows. If we can make a detector with a spherical geometry and immerse 
PMTs into the liquid xenon, this problem can be solved easily. 

Based on these experiences, we are now designing a next 800 kg detector. 
Fig. 5 shows the schematic view of the detector. It has 642 2” PMTs and large 
photocathode coverage greater than 70%. Since it can give 5p.e./keV, which 
gives 20% resolution even for 5 keV events, we can extend its energy threshold 
down to 5keV. As for the background, we expect background sources in our 
PMTs can be reduced 1/10 compared with current PMTs since we have already 
identifled the main source of background of our PMTs. 

Fig. 6 shows the expected background spectrum with dark matter signals. 
The signals of dark matter whose cross section is 10“^ pb for protons can be 
clearly seen. To estimate the sensitivity for dark matter, we listed up possible 




Fig. 5. Schematic view of 800 kg detector. It has spherical geometry and its diameter 
is 80 cm.. 
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Fig. 6. Expected background spectrum for the 800 kg detector. Gamma rays origina- 
ting outside the Xe volume are considered. The thick dotted histogram corresponds 
to a 60 cm diameter fiducial volume and the thick solid histogram corresponds to a 
40cm diameter fiducial volume (100kg mass). Horizontal axis corresponds to recon- 
structed energy. It is expected to reach 8 x 10“^/keV/kg/day in the low energy region. 
Typical dark matter signals are overlapped (spin independent, 10“® pb for protons, 
and = 50 GeV and 100 GeV) Also, the expected spectrum from low energy solar 
neutrinos, pp and ^Be chain are shown. 



candidates of the origin of background and estimated the requirements for them. 
They are not discussed here but it seems they are achievable. If we impose the 
requirement for the total background as 2 x 10“"^ /keV/kg/day, we can obtain 
Fig. 7. As shown in the figures, we can improve sensitivity more than two orders 
of magnitude compared with existing experiments. 



5 Dedicated Detector for Double Beta Decay Experiment 

A great advantage to utilize xenon is that it can be purified even after the 
experiment starts. If we use crystals or foils as a target, it is quite difficult to 
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Fig. 7. Sensitivity curves for dark matter search with 5 years data taking. This figure 
corresponds to the spin independent case. Thick line (dashed line) curves show the 
sensitivity if we analyze raw spectrum (annual modulation). The curves are overlap- 
ped with plots generated at a web site http://dmtools.berkeley.edu maintained by R. 
Gaitskell and V. Mandic. 



improve its purity afterward. However, one can see a problem in Fig. 1 that we 
cannot expect the self shieding effect for high energy region in which signals from 
the Oi/PP decay are expected. That means PMTs should not be placed near the 
detector. 

To overcome this situation, we are now developing a dedicated detector for 
the 0ul3f3 decay search. The idea is to use room temperature liquid xenon con- 
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Fig. 8. Sensitivity curves for dark matter search for the spin dependent case. 



tained in an acrylic, transparent pressure vessel. If we can put this vessel into 
a water tank equipped with large numbers of PMTs, we can detect scintillation 
lights far from the vessel. The water works to reduce background from PMTs 
and rocks significantly. The key technology for the method is a wavelength shif- 
ter. Since the xenon emits vacuum ultra violet light (175 nm), we need to covert 
the light to visible light. Fortunately, we can utilize wavelength shifters already 
developed by some authors [7]. 

We estimated the sensitivity for the effective mass of the neutrinos. We as- 
sumed (1) The background only comes from the acrylic container which usually 
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Fig. 9. Up: expected background for double beta decay experiment. The peak around 
2600 keV originates from gamma rays. Bottom: Double-focus detector. Its cross 

section is ellipse and mirrors inside. 



contains U and Th around 10~^^g/g. (2) The container has cylindrical geometry 
whose inner diameter is 4 cm and outer diameter is 10 cm. (3) Xenon is 10 kg en- 
riched ^^^Xe which we already have. (4) The energy resolution is 57 keV rms for 
Qf3j3 = 2.48 MeV which was calculated based on assumptions: 50% scintillation 
yield at room temperature (needs to be confirmed), 90% conversion efficiency by 
the wavelength shifter, 80% water transparency, 20% PMT photocoverage, and 
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25% QE for PMTs. Fig. 9 shows the simulated background. Based on the result, 
we estimated the sensitivity as T\/ 2 ,oi /^/3 = 1.5 x lO^^yr, which corresponds to 
< nil, >= 0.2 ~ 0.3 eV. If we can use plastic scintillators as a vessel and time 
correlation analysis, we can further reduce background which originates from 
the vessel. 

We also need the water shield and PMTs. Although the most suitable detector 
seems to be the Super-Kamiokande detector, we cannot put this kind of pressure 
vessel inside easily. Another idea is shown in Fig. 9. The cross section of the water 
tank is an ellipse with mirrors inside. On one focus, the xenon targets are located, 
and on another focus, several PMTs are equipped. The scintillation lights go to 
the PMTs as shown in the figure with only one refiection on the mirror. Since 
the paths for all light are common, the effect of water attenuation is uniform. It 
can be constructed quite cheaply. Once we make this kind of facility, it is useful 
for use with any scintillators. 



6 Summary 

The XMASS project utilizes ultrapure liquid xenon and aims to detect pp and 
^Be solar neutrinos, dark matter and 0z//?/3 decay. Our key ideas will be confirmed 
by using a 100 kg detector which is ready to be operated. After this confirmation, 
we will develop an 800 kg detector whose target is dark matter detection. It is 
expected to improve sensitivity for dark matter searches by at least two orders 
of magnitude by lowering its energy threshold and background level down to 
2 X 10“^/keV/kg/day. For double beta decay search we are also developing a 
dedicated detector which has a sensitivity for the effective mass of neutrinos 
down to 0.2 to 0.3 eV. 
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Abstract. In Penning traps charged particles are subject to a strong axial magnetic 
field and a weak electrostatic quadrupole field, which makes the particles moving with 
three independent frequencies. The quadrupole field can be generated either by using 
hyperboloidal or a set of cylindrical electrodes. A cyclotron frequency measurement 
gives access to an accurate value of the ion mass. This can be performed either by the 
determination of images currents in a ring electrode or by using a time-of-flight method 
after excitation of the ion motion. In 1970 Hans Dehmelt et al. measured the g-factors 
of a free electron and positron as well as their masses using a Penning trap. This lead 
to a shared Nobel Prize in Physics in 1989. These measurements were the overture to 
a large number of fundamental experiments. The experimental g-factor was compared 
to the value predicted by QED, which indirectly gives the fine structure constant a at 
an uncertainty of 4ppb. The obvious question is to what extent the g-factor is changed 
when the electron is bound in a hydrogen-like ion. To obtain an answer a dedicated 
set of traps was constructed by the GSI-Mainz collaboration. Recently, a different way 
of calculating a was proposed. It is based on laser photon recoil experiments and may 
result in an even a more accurate value of a that is independent of QED. This a method 
requires very accurate mass values of the electron, the proton and Precise mass 

and g-factor measurements offer CPT-tests. Accurate mass values of and ^iLe, i.e. 

the Q- value of the decay, may enter in future experiments on the beta spectrum 
of searching for a finite rest mass of the electron antineutrino. The mass difference 
between and is indispensable in the analysis of the data searching for the 

standard model violating neutrinoless double beta decay of ^^Ge. Accurate masses of 
and Au are needed in efforts for a new definition of the kilogram based on 
atomic quantities. 



1 Introduction 

A Penning trap is a storage device in which the mass of electrons and ions as well 
as ^-factors of electrons and positrons can be determined with an extremely high 
accuracy by frequency measurements. At this conference the pioneering efforts 
at CERN to produce antihydrogen have been reported. Though antihydrogen 
is a neutral atom, the trap technique for charged particles are used in the pro- 
duction of this sophisticated piece of matter. Antihydrogen and hydrogen will 
be used for CPT tests. It therefore seems justified to summarize the contribu- 
tion to fundamental physics which was indeed done prior to the efforts to make 
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neutral antihydrogen, a period when the trap technology now used at CERN 
was developed by several groups for charged particles. In 1989 Hans Dehmelt 
shared the Nobel Prize in physics with Wolfgang Paul and Norman Ramsey, 
Dehmelt and Paul awarded with half of the prize for the development of the 
ion trap technique [1]. By studying the frequencies of the ion movement inside 
the trap it became possible to measure the masses of charged particles and the 
^-factors of the free electron and positron with a unprecedented accuracy. In 
Penning traps an axial magnetic field B confines the charged particles radially. 
An electric quadrupole field is created by two hyperboloidal electrodes and a li- 
kewise hyperboloidal ring, as shown in Fig. 1. In these fields the charged particle 
perform three independent eigenmotions. The mass m of an ion with charge q is 
related to its cyclotron frequency Vc by: 



i^c 




27t m 



( 1 ) 



Thus, measuring Uc and knowing the magnetic field strength B the ion mass 
m can be determined. B is provided by measuring the cyclotron frequency Uc of 
a well-known reference mass, preferably ^^C-ions. The ^-factor of an electron or 
a positron is given by 

2us 



where Ug is the spin flip (Larmor) frequency, i/g can be measured by slightly mo- 
difying the magnetic field caused by a Nickel ring in the trap equator that creates 
a magnetic bottle. This measure provides a coupling to the axial frequency and 
modified cyclotron frequency resulting in a change of the axial frequency by ab- 
out 2 Hz when a transition takes place between the two possible spin orientations 
of the electron in the magnetic field B. 

Summarizing the impact of Penning trap measurements on fundamental que- 
stions in current physics we would in particular emphasize the following items: 
The ^-factor measurement of the free electron was a powerful test of QED and 
CPT for electrons and positrons. It provided indirectly a very accurate value of 
the fine structure constant. Until recently it was the most accurate quantity in 
atomic physics. 

An obvious challenge is to study the ^-factors of both the electron and the po- 
sitron. This experiment was done by the Seattle group with an uncertainty close 
to and provides a CPT invariance test for two charged electromagnetically 

interacting particles. 

Another natural question was to what extent the ^-factor of the free electron 
is modified when it is subject to a strong electric field, for example, that one 
present in hydrogen-like ions. This effect is studied by a GSI-Mainz collaboration 
with a dedicated trap system, for the moment being located in the Physics 
Department of the Johannes Gutenberg-University in Mainz. It proves that the 
decrease in the value of ^ is a sum of different contributions whose size can be 
obtained from relativistic calculations including QED. The contributions from 
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different effects vary with the atomic number. Therefore future measurements 
should cover hydrogen-like ions over the entire periodic system. 

The CPT-test of electrons and positrons inspired G. Gabrielse to compare 
the masses of the proton and the antiproton which was done in a series of be- 
autiful measurements by his group using the storage ring LEAR (Low Energy 
Antiproton Ring) at CERN. The final result was that the mass ratio was close 
to 1 with and uncertainty slightly below 0.1 ppb. The experiment is a CPT-test 
for three strongly interacting quarks. 

The masses of the lightest atoms ^He and '^He are by definition 

fundamental constants and deserve a few comments. 

There are a number of observations which indicate that the electron anti- 
neutrino mass should be finite, the present mass limit being 2.2 eV. In future 
experiments on the tritium beta decay an extremely accurate value of the mass 
difference between and ^He, i^ the Q-value of the tritium beta decay may 
be required. 

Another interesting Q-value is that of the double beta decay of ^^Ge. A 
decay with no neutrinos emitted would violate the standard model. Since many 
years the question has been raised whether the neutrino could not be a so called 
Major ana particle in which concept the neutrino and its antiparticle are identical 
objects. An analysis of the ^®Ge decay spectrum requires an accurate value of 
the mass difference of ^^Ge and ^^Se since the decay energy would be dumped 
in a position in the spectrum exactly given by the Q-value if no neutrinos are 
emitted. 

Finally we would like to point out that there are new ways suggested for 
defining the kilogram using atomic properties using the elements silicon and 
gold which in the future may require a mass accuracy of about 1 ppb. 



2 Main Properties of Penning Traps 

A typical Penning trap with hyperboloidal electrodes, the prototype of which was 
designed by Dehmelt and coworkers, is shown in Fig. 1. In Fig. 2 the shape of 
the electric quadrupole potential is shown. The quadrupole potential can also be 
achieved by a set of cylindrical electrodes [2] . Such a Penning trap is in particular 
very useful when introducing charged particles from an external ion source. The 
successful use of cylindrical traps when measuring the ratio of the proton and 
antiproton masses by the group of Gabrielse [3] provided a technical concept 
of great importance for current antihydrogen experiments at CERN. Penning 
traps with hyperboloidal electrodes all look more or less similar (Fig. 1). The 
ions can either be produced in the trap by electron impact or introduced from 
an external ion source. In the latter case entrance and exit holes are required 
in the end caps. These holes will distort the electric quadrupole field, which 
can be corrected for by applying a suitable electric potential on the correction 
tubes. The hyperboloidal ring can be segmented in two, four or eight equal parts 
as to allow dipole, quadrupole or octupole excitations. The cyclotron frequency 
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Fig. 1. Left: The main parts of a Penning trap. Right: A Penning trap which allows 
ions entering from an outer ion source and makes it possible for them to leave after 
excitation for time-of flight measurements. In the traps used by the ISOLTRAP [4] 
and SMILETRAP [5] groups the trap parameters are Vq = Zq = 11.2mm, po = 
13.0 mm and B = 4.7 T. The compensation voltage on the two correction elctrodes is 
2.4V. 




Fig. 2. Above the electric quadrupole potential in the compensated Penning trap 
(ISOLTRAP [4] at ISOLDE, CERN). The perfect quadrupole potential is Vq{2zq — 
Po) / 4d^. d? = 1/2(zq + Po/2)- 



can be determined by measuring the mirror currents in the ring electrodes or 
by expelling the ions from the trap through the magnetic field gradient of the 
fringe field and then measuring the ion flight-time. 

The relation between the three characteristic eigenfrequencies (see Fig. 3) in 
a Penning trap: 






m (P 




out 




( 3 ) 

( 4 ) 



OU- 



( 5 ) 
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Fig. 3. In the axial magnetic dipole and electric quadrupole field ions move in three 
independent modes with the eigenfrequencies (the modified cyclotron frequency), 
(jj- (the magnetron frequency) and lUz (the axial frequency). 



is given by [6]: 

cjc — ( 6 ) 

ul=iol+u;l+u;l (7) 

From Eq. 1 it is evident that the mass precision increases linearly with the ion 
charge state since Av jv = Am I'm, This fact has been explored in particular by 
the Stockholm group [5] using charge states as high as 50+ to 60+ for heavy 
atoms [7]. 

For measuring there are mainly three different ways: 

1. The three characteristic frequencies can be determined by measuring the 

mirror currents in the segmented ring, is then given by Eq. (7). This method 
is attractive since it is not very sensitive to tilt errors due to the fact that the 
magnetic axis and the trap axis do not exactly coincide. This method has been 
used by the MIT-group in a number of mass determinations of mainly light 
atoms (^H, ^^Ne, ^®Si, ^^Ar [8], and ^^^Cs [9], often with an 

uncertainty as low as 0.1 ppb using carbon hydrides as mass reference. 

2. The Seattle group [10] has also concentrated their work on the masses 
of light atoms {Z = 8). They measured as well the mirror currents in the ring 
electrodes but using the fact, that the axial frequency close to the modified cy- 
clotron resonance drops dramatically when approaching the resonance frequency 
i/_(_ from below and above the resonance. The crossing of the axial frequency cur- 
ves can be used for defining the resonance frequency [10]. 

3. The Stockholm (SMILETRAP) and CERN (ISOLTRAP) group determine 
directly the cyclotron frequency uJc by excitation of ion motion with an azimuthal 
quadrupole RF-field, followed by axial ejection of the ions and time-of-flight 
(TOF) analysis of the absorbed energy [11]. These steps are repeated for different 
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trial RF frequencies near the expected cyclotron frequency. Plotting measured 
TOF as a function of the frequency leads to a resonance curve with a minimum 
in the TOF at the ions’ cyclotron frequency as illustrated by Fig. 4. 

From the mass m of the ion the mass M of the neutral atom can be calculated 
by taking the mass qrrie of the missing electrons and their binding energy EB[q) 
into account. 



M = m + qme — Eb> 



(8) 



For the lightest ions (Z < 20) Eb is experimentally known well enough [12]. 
For heavier atoms Eb is given from accurate relativistic calculations [13]. Using 
only Eq. (1) for mass determination would require a very accurate way of mea- 
suring the magnetic field B. This is not possible with the accuracy ambition 
required. Therefore, a mass reference ion, preferably a carbon ion with a suita- 
ble charge, Hj, carbon hydride ions or other ions, whose masses are accurately 
known, can also be used. Denoting the ion of interest 1 and the reference ion ref 
and dividing the corresponding Eq. (1) with each other one obtains: 



qi i^ref 

m = rUref. 

Qrei 



( 9 ) 



Eq. (1) is only accurately valid if the magnetic field does not change between 
the measurements of the two frequencies and z/ref or one has to correct for it. 
The Seattle group [14, 15] has now a magnet which is so stable that magnetic 
field drifts during several days can be entirely neglected allowing mass measure- 
ments with uncertainties as low as a few times 10“^^. The Stockholm group has 
stabilized the magnetic field and reduced the cycle time to about 1 min which 
results in a mass uncertainty due to magnetic field drift to about 10~^^. 
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3 On the gr-Factors of the Free Electron and the Electron 
Bound in Hydrogen-Like Ions 



As Dehmelt et al. showed [1], the ^-factor of the free electron is 
2 • 1.001159652188(4), a small deviation from the Dirac-value 2, however, mea- 
sured with a formidable accuracy. The way the ^-factor can be measured follows 
from the following consideration. The energy of an electron with a magnetic 
moment /i in a magnetic field B is B — where /xb is the Bohr magneton 

eh/2rrie • The energy difference AE when the electron has spin up and spin down 
relative to the direction of a magnetic field B in a Penning trap is given by: 

AE = /uB t -fJ-B 4,= ^[guB - (-5Mb)]B = ggsB. (10) 

Transitions between the two spin states are induced by a microwave field in 
resonance with the Larmor frequency ujl oi the free electron and thus 



AE = Hu,^ = 225 ^. ( 11 ) 

2rrie 

Combining Eq. (10) and (11) one obtains 

_ 2(jJl _ 

A determination of thus requires an accurate determination of both the 
Larmor ul as well as the cyclotron frequency z/c- By inserting a nickel ring around 
the trap equator Dehmelt et al. achieved a coupling between and Uz in such 
a way that a spin flip transition resulted in a change of Uz by about 2 Hz. 

In the case of the bound electron it is not possible to measure the cyclotron 
frequency directly. The field strength B appearing in Eqs. (10) and (11) has to 
be obtained from an accurately known mass M of the hydrogen-like ion that can 
be obtained from a separate Penning trap mass measurement. The ^-factor 
of an electron bound in a hydrogen-like ion is thus: 



( 12 ) 



lol M 

gt - 2q . 

ujc rrie 



(13) 



The accuracy in g^ is thus governed by the uncertainties \n ujl/^c Q-nd Mlrrie- 
Figure 5 shows the Penning trap set up of the GSI-Mainz collaboration at 
the Physics Department of the Johannes Gutenberg University in Mainz [16]. An 
obvious first experiment with these traps was a gt determination using an 
ion. Using theoretical predictions [17] it is possible to calculate the electron mass 
by combining the experimental and theoretical value, which gave the value 
rrie = 0.0005485799092(4) [18]. This value of the electron mass value is three 
times more accurate than the value (Table 3) measured directly in a Penning 
trap by the Seattle group [10]. The relativistic calculations including QED is a 
sum of different effects the strength of which varies with the atomic number Z. 
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Fig. 5. The GSTMainz trap set-up for measuring the gr-factor of an bound electron in 
hydrogen-like ions. 

Therefore, future measurement should cover the entire periodic system, which 
will require methods of stripping also atoms of the heaviest elements. Next in the 
sequence of many measurements with increasing Z is using the extremely 

accurate mass value provided by the Seattle group [14, 15], followed by 
and 20Cai9+ ions [19]. The Stockholm group [20] has measured the mass of 
24Mgii+ with an uncertainty of 0.6 pbb, which matches the precision at which 
ujlI^c can be measured at present. A precision mass measurement of ^°Ca^^+ is 
planned by the Stockholm group. Heavier ions require moving the trap system 
from Mainz to GSI in order to have access to hydrogen-like ions of larger Z. 



4 Determination of the Fine Structure Constant ol 

There are several ways of determining a. The most accurate one is from a com- 
parison of the experimental value of gf [21] and the value calculated from QED, 
as evident from Tab. 1 and Fig. 6. 

Comparing the theoretical QED prediction with the weighted average of the 
experimental ^-factors of the electron and positron Kinoshita arrived at a value 
of o^~^ = 137.03599993(52), the uncertainty corresponding to 3.8 ppb. It is a 
little bit unsatisfactory that the determination of a may depend in this way on 
sufficient inclusion of graphs and other features. Therefore a way of determining 
a independent of QED would be highly desirable. The MIT and Stockholm 
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Table 1. The fine structure constant ol determined in a number of different ways 



Method 


a 


Rel. unc. 

(ppb) 


1. Muonium hyperfine splitting 


137.0359952(79) 


57 


2. Magnetic moment of the shielded proton 


137.0359871(43) 


32 


3. Plancks constant /neutron mass 


137.0360084(33) 


24 


4. Quantized Hall resistance 


137.0360030(27) 


20 


5. Plancks constant/ m(^^^Cs) 


137.0360003(10) 


7.4 


6. g — 2 and QED calculations 


137.0359871(43) 


3.8 
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Fig. 6. The values of the fine structure constant ol as derived from different methods. 
The hlmcs method is expected to yield a value with an uncertainty that is lower than 
half of the uncertainty of the g-2 method. 



groups were stimulated by Barry Taylor at NIST [22] to measure the mass of 
^^^Cs. This method relies namely on very accurate values of the masses of the 
electron, the proton, and ^^^Cs, which have all been determined by using Penning 
traps (see Tab. 3). Method 5 in Tab. 1 is evident by rewriting the formula for 
the following way: 




o.sxio-iippb 7.4ppb 0.4 ppb^ 2.1 ppb^ 



2 ppb^ 0.7 ppb^ 



1. MIT 

2. SMILETRAP 

3. Seattle 

4. Beier et al. 



( 14 ) 
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The uncertainties in the respective quantities are given below the equation. 

h/mcs was measured by the group of Steve Chu [23] in Pasadena in a laser 
photon recoil experiment and the wavelength of the relevant Cs line was deter- 
mined with an extreme accuracy by the group of Ted Hansch [24]. However, in 
the first experiments the uncertainty in h/mcs was as high as about 20ppb. In 
1999 the uncertainty in the proton-electron mass ratio was 2.1 ppb [10]. An un- 
certainty in the h/mcs ratio of about 2 ppb would thus improve the uncertainty 
in a by a significant factor. The Stockholm group [25] made a direct measure- 
ment of mcsl'n^p and stopped their measurements when reaching the required 
accuracy of about 2 ppb . The MIT-group [9] measured with high accuracy the 
Cs mass. Combining their value with the accurate value of the proton mass de- 
termined by the Seattle group [26] it was possible to get a value of mcs/mp with 
an accuracy as low as 0.4 ppb . Since then the electron mass has been improved 
by a factor 3 by the GSI-Mainz group [17]. Chu [27] has informed us that at 
present the a- value has decreased to 7 ppb (point to the right in Fig. 6) with 
a high probability to be improved to 2.9 ppb with the present equipment. With 
improved equipment the group hopes to reach a value below 1 ppb. Thus it seems 
possible within a few years to reach a value which is a factor of two better than 
the present best value by the g-2 measurement and comparison with QED. 



5 CPT Tests 

In 1956 Lee and Yang discovered that the law governing beta decay did not give 
the same prediction in a certain coordinate system and in its mirror system. 
Parity (operator P) is not conserved. This discovery focused the attention to 
checks of other symmetry properties of the laws of nature. In addition to parity 
checks obvious questions are what happens to the laws of nature if a particle is 
exchanged by its antiparticle (operator C) and whether the laws would be inde- 
pendent of time reversal (operator T). Experience have shown that the natural 
laws stand CPT operation in a surprisingly strong way though this is not the 
case for only C, P, and T separately. There has been a hope that CPT viola- 
tion may be observed and that would require new concepts in physics. If masses 
and ^-factors of particle and antiparticle are identical CPT is conserved. The 
first test was the masses of and its antiparticle, which through the famous 
oscillation tests proved to be similar within better than 10“^^. A precision that 
seemed very difficult to beat with other experiments. However, these particles 
are neutral and consist of two quarks and their behavior is governed by strong 
interaction. The question was therefore raised, in particular among experimenta- 
lists, whether a CPT-test should not be done for charged particles and different 
forces as well as for different number of particle constituents. Penning traps 
here enter the picture because of their eminent ability to measure masses and 
^-factors at an extreme precision. Electrons and positrons are particles relatively 
easy to produce even in conventional small university laboratories and it was not 
surprising that the first tests were made by Dehmelts group, which compared 
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not only the ^-factors of electron and positron [28] but also their masses [29] . A 
test of protons and antiprotons required experiments in a high energy laboratory. 
Therefore, G. Gabrielse [30] who was challenged by this experiment moved to 
LEAR (Low Energy Antiproton Ring) at CERN where he made his experiments, 
comparing the masses of these particles. In Tab. 2 we have listed the precision 
limits of different tests of CPT. No violation has so far been observed, but there 
is a hope that the antihydrogen experiments are more sensitive. 



Table 2. Test of CPT in various experiments 



Particles 


Constituents 


Interaction 


Type of experiment 


Limit of 
CPT-violation 




2 quarks 


strong 


particle oscillation 




P,P 


3 quarks 


strong 


trap mass comparison 


0.9 • 


e~, 


point-like 


electron!. 


trap g comparison 


to 

o 

1 

to 


e“, 


point-like 


electron!. 


trap mass comparison 


« 10-’^ 


H,H 


e~,p+,e+,p'~ 


electron!. 


IS — > 25 laser excitation 


< 10"^® 



In the Seattle ^-factor experiments the electrons were produced in the trap 
by the use of a field emission cathode. Positrons were supplied by a ^^Na source 
in a preparation trap and cooled by emitting synchrotron radiation before being 
transferred to the precision trap. Before the trap measurements the proton mass 
was known at an uncertainty of about 10 ppm [31] from studies of antiproton 
atomic spectra. In the experiments at LEAR antiproton were supplied from the 
antiproton accumulator and then retarded in LEAR to about 5.9 MeV and slowed 
down to 3 keV in a degrader and finally cooled by electrons. In the first series of 
experiments the mass comparison was done by changing sign of the trap potential 
for the two species since the proton and antiproton have opposites charges. In 
order to avoid systematic errors by changing the sign of the trap potential H- 
ions were used in the final experiments [3] . The experience of these experiments 
was of uttermost importance for the design of the devices now used for producing 
antihydrogen. 



6 Comments to Various Precision Mass Values 

Table 3 presents the most accurate mass measurements made in Penning traps. 
In the following we make some comments to these masses starting with the very 
lightest atoms since their masses by definition are natural constants. 
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Table 3. The most accurate mass measurements made in Penning traps 



Particle 


Mass 


Year 


Ref. 


e~ 


0.000 548579911 1(12) 


1995 


[10] 


e~ 


0.000 548 579 909 2(4) 


2000 


[17] 


P+ 


1.007 276 467 26(99) 


1995 


[10] 




1.007 276 466 30(50) 


1995 


[8] 




1.007 276 466 83(21) 


1997 


[32] [33] 




1.007 276 466 89(13) 


1998 


[26] 




2.014 101 776 94(111) 


1995 


[8] 




2.014 101 777 9(5) 


1995 


[10] 




3.016 049 267 25(154) 


1992 


[35] 




3.016 049 278 4(29) 


2002 


[7] 


^He 


3.016 029 309 96(08) 


1995 


[8] 




3.016 029 323 5(288) 


2001 


[36] 


"He 


4.002 603 249 75(99) 


1995 


[8] 




4.002 603 256 8(13) 


2000 


[36] 




4.002 603 254 152 (56) 


2003 


[37] 


13c 


13.003 354 480 43(408) 


1995 


[8] 


14n 


14.003 074 005 64(178) 


1995 


[8] 




14.003 074 004 0(12) 


1995 


[10] 


160 


15.994 914 626 25(301) 


1995 


[8] 




15.994 914 619 5(21) 


1995 


[10] 




15.994 914 619 18(25) 


2000 


[14] 


"°Ne 


19.992 440 175 4(23) 


1995 


[10]] 




21.991 385 115(19) 


2000 


[38] 


"«Si 


27. 976 026 57(30) 


1993 


[33] 




27. 976 026532 4(20) 


1995 


[10] 




27. 976 026 533 9 (80) 


2002 


[32] 


3«Ar 


35.967 545 105(29) 


2002 


[33] 


"°Ar 


39.962 383 122 0(33) 


1995 


[10] 


"«Se 


75.019 213 795(81) 


2001 


[5] [52] 




75.921 402 758(96) 


2001 


[5] [52] 


««Kr 


85.910 610 730(110) 


2002 


[33] 


"33Cs/p 


131.945 355 91 (24)(15) 


1999 


[25] 




131.945 355 994(60) 


1999 


[9] 


198Hg 


197.966 751 80(311) 


1995 


[39] 




197.966 767 60(141) 


1980 


[40] 




197.966 768 44(43) 


2002 


[7] 


204Hg 


203.073 475 90(320) 


1995 


[39] 




203.073 494 20(125) 


1980 


[40] 




203.073 494 10(39) 


2002 


[7] 
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A 

Fig. 7. The uncertainties of accurate mass determinations several of which are com- 
mented in the following. With classical mass spectrometers it was possible to reach a 
mass uncertainty of about lOppb (the Manitoba group). In the most accurate mass 
measurements an uncertainty as low as 15ppt has recently been achived by the Seattle 
group. 



7 On the Masses of ^He and ^He 

In 1995 the MIT, Seattle and Stockholm groups reached a proton mass uncer- 
tainty of < 1 ppb, as given in Tab. 3. The Stockholm group used as a carrier 
of the proton since it mass depends only on accurately known molecular and 
atomic properties. Using as mass reference also provides qj A doublet (or 
almost doublet) measurements for the highest charge states of light ions which 
always gives the most accurate results whatever the method used. A seemingly 
peculiar effect was observed, which the group first concluded was due to un- 
known systematic errors. As seen from Fig. 8 all measurements except when ^He 
was used as mass reference gave a proton mass in agreement with the accepted 
value. 

The mass reference ions used the ions were claimed [8] to have an uncertainty 
of about 0.1 ppb (^He 2 ppb [10]). It was finally concluded that the accepted mass 
of ^He must be wrong by a large amount, which indeed proved to be the case. 



8 The Q- Value of the Tritium Beta-Decay 

The mass measurements of the masses of and ^He gives the Q- value of the 
tritium beta decay and offers a possibility to make a comparison with the energy 
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Fig. 8. The mass of the proton as derived from experiments using HJ ions as a carrier 
of the proton and ions of various charge states of ^He, ^°Ne, ^^Si, and ^°Ar 

[5] as mass reference. Using ions gives an unreasonably low proton mass. The 

Stockholm group finally concluded that there must be an error in the accepted ^He 
mass and therefore the masses ^He, ^He, and were re-measured. 



of electrons of the highest energy as obtained from the Curie plot. The Q- value of 
the tritium beta-decay was determined by the group of Van Dyck Jr. [34] using 
their first Penning trap set up by measuring the masses of and ^He which gave 
a Q- value of 18.590 1(17) keV as compared to the value 18.588(3) keV measured 
by the Stockholm group. In Fig. 10 all energy determinations of the end point 
energy of the beta-spectrum summarized. The data appear in [34] but here the 
order is rearranged. Added to the right are the Q-values obtained by the Seattle 
and Stockholm groups. The Stockholm group used the electron beam ion source 
CRYSIS, constructed for the production of highly charged ions. Here another 
property of this device is used, namely the ability to disintegrate completely 
molecules like for instance ^H 2 and thus all ions extracted for transportation 
to the traps are The systematic uncertainty is larger in the Stockholm 

measurements mainly due to the fact that the cyclotron frequency of was 
compared to that one of ^He^“^. The present average of the two Penning trap 
measurements gives a Q- value of 18.5895(14) keV. After a complementary mea- 
surement by the Stockholm group using ^He“*“ ions the Q- value uncertainty is 
likely to shrink to about 1 eV. The comparison with the most accurate Curie 
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Fig. 9. The upper mass values are the ones determined by the Stockholm group and 
the lower ones the accepted values mainly based on measurements from the Seattle 
group. The discrepancy proved to be mainly due to a night to day systematic effect 
that was not known when using the old Seattle magnet. With their new magnet the 
group now are close to a mass uncertainty as low as a few times 10~^^ ("^He and ^®0), 
by far the highest mass accuracy obtained in a Penning trap. 



plots suggests in the best case a limit of the electron neutrino mass about 1-2 eV 
in agreement with the value of slightly above 2 eV as claimed by the Mainz and 
Troitsk groups [35, 41]. A large Q- value improvement will be of great interest 
for the new German KATRIN project [42], an electrostatic beta-spectrometer, 
20 meters long with a diameter of 7 meters. This instrument will be able to 
measure an anti electron neutrino mass in the energy region 2-0.2 eV or set a 
limit < 0.2 eV. 



9 The Q- Value of the ^^Ge Double Beta Decay 

If the double beta decay of ^^Ge is a neutrinoless decay it would be a violation 
of the conservation of lepton number and thus of the standard model. The entire 
decay energy dumped in the detector would be manifested in a peak exactly given 
at the position of the Q- value. In the analysis of the decay spectrum it is therefore 
important to know the Q-value with high precision. This Q- value was measured 
twice by the Manitoba group [43, 44] using a classical mass spectrometer. If the 
last experiment could be trusted the uncertainty claimed would be sufficient. 
However, there were reasons to question the accuracy claimed by the Manitoba 
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Fig. 10. Upper limit of the tritium beta spectrum as derived from Curie plots in a 
number of experiments given in [34] . There is a cluster of Curie plots agreeing with the 
Seattle-Stockholm results to within about 1 eV. This would indicate an antineutrino 
mass less than 2 eV in agreement with the Mainz- Troitsk conclusion. This comparison 
assumes that the recoiling energy of the tritium nucleus can be neglected. 



group. In the mass tables of Audi and Wapstra [39] there was almost for two 
decades a mass anomaly as illustrated in Fig. 11. The mass values of the Hg- 
isotopes as measured by the Manitoba group did deviate by about 7cr from 
the values obtained by an extrapolation method using masses both lighter and 
heavier than Hg. 

As shown in Fig. 11 the Stockholm group confirmed the Manitoba measu- 
rements on Hg^^+ ions, a fact that supports confidence in Ma- 

nitoba mass measurements of ^^Ge. Nevertheless, the Stockholm group wanted 
to improve the Q-value since the ten year long Grand Sasso investigation by 
the Heidelberg-Moscow group on the double beta decay were just about finished 
[45]. In the mass measurements of ^®Ge and ^®Se the uncertainty is mainly due 
to limited statistics. Since the measurements were performed with practically 
q/A ion doublets, q being 22-h and 23-1- for Ge ions and 24-h and 25-(- for Se 
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Fig. 11. Upper points refer to mass values of the isotopes ^^^Hg and ^°^Hg (the 
Manitoba values to the left and the Stockholm values to the right). As one can see the 
Manitoba measurements are confirmed and there is evidently something wrong with 
the extrapolation procedure. The Stockholm experiments were performed with 
ions. 

ions. The Q- value [5] [52] obtained is 2039.005(50) keV, a 7-fold improvement of 
the last Manitoba result (see Fig. 12). 

In the last evaluation [45] of the spectrum of the Heidelberg-Moscow experi- 
ments on the double beta-decay performed in the Grand Sasso Laboratory our 
Q- value has been used. It is concluded that there is an indication of a peak that 
has an energy exactly at a position given by our Q- value. The evidence of the 
observed peak is still not sufficiently strong and therefore the next step for the 
Heidelberg-Moscow collaboration is the partially approved so-called GENIUS- 
project using hundreds of Ge-detectors with enriched Ge, immersed in tons of 
liquid N 2 , which will reduce the background by a factor of 1000. Even for this 
future experiment the accuracy of the Stockholm Q-value is more than enough. 
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Fig. 12. To the right the Q- value of ^®Ge derived from the accepted masses (1993). The 
two following points refer to the two measurements of the Manitoba group. As seen the 
Stockholm measurements confirm the last Manitoba value at a sevenfold uncertainty 
improvement. 



10 Attempts to Find a New Definition of the Kilogram 

The kilogram is the only our of seven Sl-units that is not related to atomic 
properties. It is defined by the mass of a piece of platinum-iridium kept at the 
Bureau International des Poids et Measure located in Sevres/Paris. Standards 
in other places have to be compared with the Sevres kilogram and cannot be 
given exactly the same mass. Furthermore the Sevres kilogram looses weight 
when cleaned. It is evident that a new standard should be made of very clean 
and resistive material such as, for example, silicon [46] or gold [48]. The proposal 
to use these elements were made in the beginning of 1990 when, in particular, 
the mass of ^^Si was poorly known. 

The silicon kilogram: One kilogram can be defined as IKg = A^^IOOO u 
where Na is the Avogadro constant and u is 1/12 of the atomic mass of ^^(7. 
Unfortunately Na is poorly known the CODATA May 2003 suggesting the value 
6.02214199(47) x lO^^mo/'i 



Contributions to Fundamental Physics and Constants Using Penning Traps 415 



The accuracy of a new atomic standard depends on the uncertainty of Na^ 
PTB in Braunschweig has suggested a method [46] in which Na is the ratio of 
the molar volume and the volume that a single atom occupies in a silicon single 
crystal: 



Na = VmollVatom = ( — )( — )■ (15) 

p n 

M = molar mass of Silicon p= density Vq = volume of a unit cell N = number 
of atoms in a unit cell 

At PTB experiments are done with a perfectly spherical single crystal of 
natural silicon. The relative abundance of the three silicon isotopes has to be 
known and is measured by neutron irradiation [49]. The atomic weight of ^^Si 
was measured by the Mainz-Stockholm collaboration in 1993 at an uncertainty 
of about lOppb [47]. In this measurement the mass of ^^Si was compared to the 
mass of for the first time, the accepted value being based mainly on nuclear 
reactions. Since then the MIT-group [8] has provided a very accurate value with 
an uncertainty as low as 0.07 ppb, recently confirmed by the Stockholm group 
with an uncertainty of 0.35 ppb by a very different measurement [33]. These 
mass uncertainties are much lower than required for the new definition of the 
kilogram. 

The gold kilogram: At PTB another kilogram definition has been suggested 
by M. Glaser [48]. Here an isotope separator with a mass resolving power of 
about 200 supplies a clean beam of ions. Though many suitable ion species in 
principle can be used, Glaser recommends gold ions since only one stable Au 
isotope exists. The integrated current is measured with a cryogenic comparator, 
the quantized Hall effect and the Josephson effect. The accumulated mass m is 
given by 



m = rriAu/e J (16) 

where tyiau is the atomic mass of the gold atom and e the elementary charge. 
I{t)dt is the integrated current from time 0 to t. Applying Ohm’s law I = 
Uj/Rh-, with the Josephson voltage Uj = ^ri 2 f(t) and the Hall resistance 
Rh = where h is the Planck constant, / the frequency of the microwave 

radiation irradiated onto the Josephson junction, and rii and ri 2 are integer 
numbers, one obtains: 



m = -nin 2 mAu J f{t)dt. (17) 

The atomic mass rriAu c>f gold is known at an uncertainty close to 1 ppb [39] 
which represents an accuracy more than enough compared to other uncertainties 
involved. The attractive feature of this method is, that the appearance of natural 
constants in the equations for the Josephson voltage and Hall resistance cancel 
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out, but the uncertainty in the validity of these equations has to be taken into 
account. 

It should finally be concluded that the efforts of introducing a new kilogram 
standard are still in an early stage. The value of the atomic masses of silicon and 
gold is not longer the limitation but rather the poor knowledge of Avogadros 
constant and several other possible errors. 



11 Conclusions 

In this survey of precision measurements using Penning traps we have omitted 
the mass measurements of radioactive ions pioneered by the ISOLTRAP group 
at ISOLDE (CERN, Geneva) [50, 51], because the subject falls outside the ob- 
jectives of this conference. During a period of about 20 years Penning traps have 
contributed to illuminating a number of interesting questions in fundamental 
physics, in particular CPT- tests and accurate determination of fundamental 
constants. The field was initiated by Hans Dehmelt and followed up by many 
of his students and co-workers. In the context of the program of Beyond the 
Desert 2003 we would, in particular, like to emphasize the impressing mass pre- 
cision reached by R. S. Van Dyck Jr., who played such an important role in the 
g-2 measurements in Seattle. The development of the open cylindrical Penning 
traps by G. Gabrielse et al. , which they used in their famous comparison of 
the masses of the proton and antiproton at LEAR/CERN has made the current 
antihydrogen research at CERN possible. 
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Abstract. With the recent experimental advance in our precise knowledge of the 
neutrino oscillation parameters, the correct form of the 3x3 neutrino mass matrix 
is now approximately known. I discuss how this may be obtained from symmetry 
principles, using as examples the finite groups A 4 and Z 4 , predicting as a result three 
nearly degenerate Majorana neutrino masses in the 0.2 eV range. 



1 Introduction 

After the new experimental results of KamLAND [1] on top of those of SNO 
[2] and SuperKamiokande [3], etc. [4], we now have very good knowledge of 5 
parameters: 



~ 2.5 X 10-3 eV^ (1) 

Am^^i ~ 6.9 X 10-3 eV^ (2) 

sin^ 2ffatm - 1, (3) 

tan^ &soi — 0.46, (4) 

If/esI < 0.16. (5) 



The last 3 numbers tell us that the neutrino mixing matrix is rather well-known, 
and to a very good first approximation, it is given by 




c —s ^ \ 

s/V2 c/V2 -I/V 2 
s/^/2 c/V2 I/V 2 j 




( 6 ) 



where sin^ 29 atm = 1 and Ues = 0 have been assumed, with s = sin 9 sol, c = 
cos 9 sol . 



2 Approximate Generic Form of the Neutrino Mass Matrix 

Assuming three Majorana neutrino mass eigenstates with real eigenvalues mi, 2 , 3 , 
the neutrino mass matrix in the basis {i>e, is then of the form [5] 
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/ a P 2b -\- 2c d d y 

Mjy = j d b a -h 6 j . 

y d a -f- 6 ^ / 


(7) 


Depending on the relative magnitudes of the 4 parameters a, 6, c, d, this matrix 
has 7 possible limits: 3 have the normal hierarchy, 2 have the inverted hierarchy, 
and 2 have 3 nearly degenerate masses. 

In neutrinoless double beta decay, the effective mass is mo = |n + 26 -h 2c|. 
In the 2 cases of inverted hierarchy, we have 


mo ^ - 0-05 eV, 


(8) 


mo ci cos 26 sol \/ 


(9) 


respectively for mil m 2 = ±1, i.e. for their relative CP being 
the 2 degenerate cases. 


even or odd. In 


mo |rni,2,3|, 

mo ^ COs20soi|»T^l,2,3|- 


(10) 

(11) 



With M.I, of Eq. (7), t/e 3 is zero necessarily, in which case there can be no CP 
violation in neutrino oscillations. However, suppose we consider instead [5, 6] 

/ a + 26 + 2c d d* \ 

Ad-i/ =1 d b n-l-6|, (1^) 

\ d* a + 6 h ) 

where d is now complex, then Ues is proportional to ilmd, thus predicting ma- 
ximal CP violation in neutrino oscillations. 



3 Nearly Degenerate Majorana Neutrino Masses 

Suppose that at some high energy scale, the charged lepton mass matrix and the 
Majorana neutrino mass matrix are such that after diagonalizing the former, i.e. 

/ rrie 0 0 \ 

Mi = I 0 0 , (13) 

y 0 0 rrir ) 

the latter is of the form 

/mo 0 0 \ 

M^=\ 0 mo . (14) 

\ 0 mo 0 / 

From the high scale to the elect roweak scale, one-loop radiative corrections will 
change Atjy as follows: 
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(Miy)ij (-^iy)ij + Rik{M.u)kj + {M-iy)ikR^j^ ( 15 ) 

where the radiative correction matrix is assumed to be of the most general form, 

i.e. 

( ^ee '^efjb ^er \ 

'^ejj, '^iir I • (15) 

Kr ^rr ) 

Thus the observed neutrino mass matrix is given by 

/ 1 4“ 2rge ^er ^e/x "h '^er \ 

— 777/Q I efjL '^e.r (ir 1 4“ ”b I • (1"^) 

V ^er “1“ ^e/x Id" "b ^rr / 

Let us rephase and to make real, then the above A4iy is exactly in 

the form of Eq. (12), with of course a as the dominant term. In other words, we 
have obtained a desirable description of all present data on neutrino oscillations 
including CP violation, starting from almost nothing. 



4 Plato’s Fire 

The successful derivation of Eq. (17) depends on having Eqs. (13) and (14). 
To be sensible theoretically, they should be maintained by a symmetry. At first 
sight, it appears impossible that there can be a symmetry which allows them 
to coexist. The solution turns out to be the non- Abelian discrete symmetry A 4 
[7, 8]. What is A 4 and why is it special? 

Around the year 390 BCE, the Greek mathematician Theaetetus proved that 
there are five and only five perfect geometric solids. The Greeks already knew 
that there are four basic elements: fire, air, water, and earth. Plato could not 
resist matching them to the five perfect geometric solids and for that to work, 
he invented the fifth element, i.e. quintessence, which is supposed to hold the 
cosmos together. His assignments are shown in Table 1. 



Table 1. Properties of Perfect Geometric Solids 



solid 


faces 


vertices 


Plato 


Group 


tetrahedron 


4 


4 


fire 


A 4 


octahedron 


8 


6 


air 


S 4 


icosahedron 


20 


12 


water 


As 


hexahedron 


6 


8 


earth 


S 4 


dodecahedron 


12 


20 


7 


A 5 



The group theory of these solids was established in the early 19th century. 
Since a cube (hexahedron) can be imbedded perfectly inside an octahedron and 
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the latter inside the former, they have the same symmetry group. The same 
holds for the icosahedron and dodecahedron. The tetrahedron (Plato’s “fire”) 
is special because it is self-dual. It has the symmetry group A 4 , i.e. the finite 
group of the even permutation of 4 objects. The reason that it is special for 
the neutrino mass matrix is because it has three inequivalent one-dimensional 
irreducible representations and one three-dimensional irreducible representation 
exactly. Its character table is given below. 



Table 2. Character Table of A 4 



class 


n 


h 


Xi 


X2 


X3 


X4 


Cl 


1 


1 


1 


1 


1 


3 


C 2 


4 


3 


1 


cu 




0 


C 3 


4 


3 


1 


u;^ 


CJ 


0 


C 4 


3 


2 


1 


1 


1 


-1 



In the above, n is the number of elements, h is the order of each element, 
and 

is the cube root of unity. The group multiplication rule is 

3 X 3 = 1 -h r + 1" + 3 + 3. (19) 



5 Details of the A 4 Model 



The fact that A 4 has three inequivalent one-dimensional representations 1, 1', 
1", and one three-dimensional reprsentation 3, with the decomposition given by 
Eq. (19) leads naturally to the following assignments of quarks and leptons: 



(uiy 


ei)L ~ 3, 


(20) 


UlR, dui, 


eiR ~ 1 , 


(21) 


U2R, d2R, 


^2R ^ 


(22) 


USR, dsR, 


esR ~ 1 • 


(23) 


Heavy fermion singlets are then added: 


UiL(R), 


EiL{R), ^iR ^ 


(24) 



together with the usual Higgs doublet and new heavy singlets: 

Xi~3. 



(25) 
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With this structure, charged leptons acquire an effective Yukawa coupling ma- 
trix eiLCj^cj)^ which has 3 arbitrary eigenvalues (because of the 3 independent 
couplings to the 3 inequivalent one-dimensional representations) and for the case 
of equal vacuum expectation values of Xii 

ixi) = iX 2 ) = ixs) = u, (26) 

which occurs naturally in the supersymmetric version of this model [ 8 ], the 
unitary transformation Ul which diagonalizes Aii is given by 

Ul = ^(i ^ ujA. (27) 

uj J 

This implies that the effective neutrino mass operator, i.e. is propor- 

tional to 

/I 0 0\ 

UIUl = 0 0 1 , (28) 

Vo 1 oj 



exactly as desired. 



6 New Flavor-Changing Radiative Mechanism 

The original A 4 model [7] was conceived to be a symmetry at the electroweak 
scale, in which case the splitting of the neutrino mass degeneracy is put in by 
hand and any mixing matrix is possible. Subsequently, it was proposed [ 8 ] as 
a symmetry at a high scale, in which case the mixing matrix is determined 
completely by flavor- changing radiative corrections and the only possible result 
happens to be Eq. (17). This is a remarkable convergence in that Eq. (17) is 
in the form of Eq. (12), i.e. the phenomenologically preferred neutrino mixing 
matrix based on the most recent data from neutrino oscillations. 

We should now consider the new physics responsible for the r^j’s of Eq. (16). 
Previously [ 8 ] , arbitrary soft supersymmetry breaking in the scalar sector was in- 
voked. It is certainly a phenomenologically viable scenario, but lacks theoretical 
motivation and is somewhat complicated. Here a new and much simpler mecha- 
nism is proposed [9], using a triplet of charged scalars under ^ 4 , i.e. 77 ^ ^ 3. 
Their relevant contributions to the Lagrangian of this model is then 

^ = feijkit'iCj - eiVj)r]l + r^J . (29) 

Whereas the first term is invariant under A 4 as it should be, the second term is a 
soft term which is allowed to break A 4 , from which the flavor- changing radiative 
corrections will be calculated. 
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Let 

fVe\ /Uel Ue2 ?7e3 \ / vA 

\vA^\U^i U ^2 ^7^3 % , (30) 

\r,rj \Url Ur2 Ur3 J \m J 

where 771,2,3 are mass eigenstates with masses mi,2,3. The resulting radiative 
corrections are given by 

r2 ^ 

Y1 Inmf . (31) 

i=l 

To the extent that should not be larger than about 10“^, the common mass 
mo of the three degenerate neutrinos should not be less than about 0.2 eV in 
this model. This is consistent with the recent WMAP upper bound [10] of 0.23 
eV and the range 0.11 to 0.56 eV indicated by neutrinoless double beta decay 
[ 11 ]. 

7 Models based on S3 and D4 

Two other examples of the application of non-Abelian discrete symmetries to 
the neutrino mass matrix have recently been proposed. One [12] is based on the 
symmetry group of the equilateral triangle 83 ^ which has 6 elements and the 
irreducible representations 1, 1', and 2. The 3 families of leptons as well as 3 
Higgs doublets transform as 1 + 2 under 83 . An additional Z 2 is introduced 
where and H{2) are odd, while all other fields are even. After a detailed 

analysis, the mixing matrix of Eq. (6) is obtained with Ue 3 — —3.4 x 10~^ and 
0.4 < tanOsoi < 0.8. The neutrino masses are predicted to have an inverted 
hierarchy satisfying Eq. (8). 

Another example [13] is based on the symmetry group of the square T)4, 
which has 8 elements and the irreducible representations 1^“^, 1“^ , 1 1 , 

and 2. The 3 families of leptons transform as 1++ + 2. The Higgs sector has 3 
doublets with (j )3 7^1“^ and 2 singlets x ~ 2. Under an extra Z2, cr, (pi 
are odd, while all other fields are even, including 02- This results in the neutrino 
mass matrix of Eq. (7) with an additional constraint, i.e. mi < m2 < m3 such 
that the mo of neutrinoless double beta decay is equal to 17111712 ! m 3 . 



8 Form Invariance of the Neutrino Mass Matrix 

Consider a specific 3x3 unitary matrix U and impose the condition [14] 

UMuU^ = Mr, (32) 

on the neutrino mass matrix Mr, in the (^'e, basis. Iteration of the above 

yields 
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= M^. (33) 

Therefore, unless — 1 for some finite n, the only solution for would be 
a multiple of the identity matrix. Take for example n = 2 , then the choice 

/I 0 0 
0 0 1 
\0 1 0 




leads to Eq. (7). In other words, the present neutrino oscillation data may be 
understood as a manifestation of the discrete symmetry z/g ^ z/g cind z^^ ^ 
Suppose instead that n = 4, with U‘^ given by Eq. (34), then one possible 
solution for its square root is 



which leads to 



/I 0 0 \ 

t/i = 0 {l-i)/V2 (l+i)/V2 , 
Vo (l+^)/^/2 {l-i)/V2j 



/2b + 2c d d\ 
Mi= \ d b b], 
\ d b b) 



(35) 



(36) 



i.e. the 4 parameters of Eq. (7) have been reduced to 3 by setting a = 0. 
Another solution is 



1 /I 1 i\ 

c/2 = ^ 1 o; , (37) 

Vl a;2 Lo J 

which leads to 

(2b + 2d d d\ 

M2= { d ^ , (38) 

\ d b bj 

i.e. Adi has been reduced by setting c = d. The 3 mass eigenvalues are then 
777 , 1^2 = 25=f \/ 2 d and m 3 = 0 , i.e. an inverted hierarchy, with tan^ Osoi predicted 
to be 2 — \/3 = 0.27, as compared to the allowed range [15] 0.29 to 0.86 from 
fitting all present data. 



9 New Model of Degenerate Neutrino Masses 

Very recently, a new example in the context of a complete theory of lepton masses 
based on Z 4 has been found [16]. The chosen unitary matrix is 
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/ 0 ijy/2 

U= i/V2 1/2 
\-i/V2 1/2 

with 



t/2 




and = 1, which yields 



(A 0 

0 B 

\0 A + B 



—i/y/2\ 
1/2 , 
1/2 ) 



0 

1 

0 



0 \ 
A + B . 



(39) 



(40) 



(41) 



The mass eigenvalues are then (A, — A, A + 2 B) corresponding to the eigenstates 

{y^ + Ur)lV^ respectively. Assuming B « A yields 
3 nearly degenerate neutrino masses. This differs from the A^ model in that 
Am^tm given by AAB and not from radiative corrections. Thus B/A may 

be larger than 10“^ and the common mass |A| of the 3 neutrinos may be smaller 
than is allowed by the A 4 model. Nevertheless, Aml^i is still due to radiative 
corrections, so if these are of order 10“^, \A\ is again of order 0.1 eV. 

To justify the assumption that U operates in the bais the com- 

plete theory of leptons must be discussed. Under the assumed Z 4 symmetry, the 
leptons transform as follows: 



(z/, l)i Uij{u, l)j, 1 % 

implemented by 3 Higgs doublets and 1 Higgs triplet: 

The Yukawa interactions of this model are then given by 

JC-y = + Uvj)lV2 + ^++klj] 

+ f^^{h(tPj-M-)ll + H.c. 

with 

fa 0 0 \ 

h= 0 b a + 6 , M,, = 2h{f), 

\0 a + 6 b ) 

and 

( ^k diz d]^ \ 

~dk bk -f- 6/c 1 . 

dk ^k T b]^ b]^ J 



(42) 

(43) 

(44) 

(45) 

(46) 
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Note that the d terms are absent in h because it has to be symmetric. Assume 
1^1,3 << V 2 , and dk « bk « Ufe, then — diagonal implies that Vl 

is nearly diagonal. This justifies the original choice of basis for 

Any model of neutrino mixing implies the presence of lepton flavor violation 
at some level. In this case, (j)\ couples dominantly to er^ and (j )2 to Taking 

into account also the other couplings, the branching fractions for ji eee and 

fjb are estimated to be of order 10“^^ and 10“^^ respectively for a Higgs 

mass of 100 GeV. Both are at the level of present experimental upper bounds. 



10 Conclusions 

The correct form of is now approximately known. In the (z^e? basis, it 

obeys the discrete symmetry of Eq. (34). Using Eq. (32), the phenomenologically 
successful Eq. (7) is obtained, which has 7 possible limits for 

Assuming some additional symmetry, such as A4, iSs, JD4, or Z4, with pos- 
sible flavor changing radiative corrections, specific mass patterns are predicted, 
including 3 nearly degenerate neutrino masses in the 0.2 eV range. 
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Appendix 

It is amusing to note the parallel between the 5 perfect geometric solids and 
the 5 anomaly- free superstring theories in 10 dimensions. Whereas the former 
are related among themselves by geometric dualities, the latter are related by 
S', T, U dualities: Type I SO (32), Type Ha Eg xEg, and Type Hb is self-dual. 
Whereas the 5 geometric solids may be embedded in a sphere, the 5 superstring 
theories are believed to be different limits of a single underlying M Theory. 
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Abstract. We first show that the Majorana spinors which are eigenspinors to the 
charge conjugation operator, C — Z72A, with K standing for complex conjugation, are 
completely different species but the Dirac spinors which are eigenspinors to the parity 
operator, P = 70. The difference is that while P eigenspinors propagate in accord with 
the Dirac equation, C eigenspinors are static. This is due to the fact that while upon 
boost 70 transforms as B{p)'yoB(p)~^ = under same transformation C remains 
static because of JB(p)72 = 72. In order to escape above dilemma one has 

two options. To either give up the concept of C eigenspinors and restrict calculus to 
two dimensional Weyl spinors with Grassmann number components, a path pursued 
by the literature, or, exploit the fact that in eight spinorial dimensions, (8d), one can 
construct commuting C and P operators and achieve Majorana spinor propagation 
there, a path taken by the present work. We express (8d) Majorana traces of single 
(3 and double OujdlS decays in terms of standard Dirac traces and find the neutrino 
mass to drop from the single / 3 , and re- appear in the trace, an intriguing and in 

principle experimentally testable footprint of Majorana-ness of massive neutrino. 



1 The Case of Majorana Spinors — an Introduction 



Eigenspinors of the charge conjugation- (better, particle-anti-particle conjuga- 
tion operator), C, find frequent metioning in neutrino phenomenology and are 
referred to as Majorana spinors [ 1 ], [2], [ 3 ]. A generic Majorana spinor in, say, 
the helicity frame, is usually denoted by ^ and defined as 



Q 



h\j _ 
M ” 



€jia2 



* 




h = -^2 = 1 • 



( 1 ) 



Here is a left handed spinor, (0,1/2), of given helicity, h / I, (J2 is the 
standard second Pauli matrix, ia2 (^i)* property of transforming as 

right handed, ( 1 / 2 , 0 ), Weyl spinor, and ej is a relative phase between the Weyl 
spinors of opposite handedness that is necessary [ 4 ] for producing four linearly 
independent Majorana spinors as a complete basis in ( 1 / 2 , 0 ) 0 ( 0 , 1/2) 

The structure of is more transparent within the context of SL{ 2 ,C) 
terminology where is the undotted upper -, while ia2 {^l) dotted 

lower index spinor. It verifies directly that the four Majorana spinors defined 
in Eq. (1) are C eigenspinors with C = 272 AT where 72 is the standard second 
Dirac matrix and K stands for the operator of complex conjugation, i.e. 
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*72 (^?m) =±^m- (2) 

Two of the Majorana spinors are self-conjugate, i.e. of positive C parity, while 
the others two are anti-self conjugate, i.e. of negative C parity. The essential 
difference to Dirac spinors is that the latter contain a right-handed spinor, 
in place of icj 2 {^l) ? completely independent of It is that very 

difference which makes Majorana spinors so special and gives rise to several 
weird peculiarities. 

The first such peculiarity is that the Majorana spinor is composed out of two 
Weyl spinors of opposite helicities, and contrary to Dirac spinors, is not helicity 
eigenstate. Indeed, in Ref. [2] one finds cra 2 = ct 2 (— cr)*, with the consequence 

p • <T (j,a2 = -i(T2iP • a-)* 

= -hia2{^lY (3) 

meaning that ia 2 {^lY ^ right handed field (henceforth denoted by of 
opposite helicity to 

The double-helicity content of the Majorana spinors has a devastating im- 
pact on several fundamental operators in (1/2, 0) 0 (0, 1/2) such as mass terms 
and projectors. We first focus our attention to the (Majorana) mass term, 

* ^ot be introduced at all because vanishes 

due to orthogonality of Weyl spinors of opposite helicities. 







(4) 



Stated differently, Majorana spinors are self-orthogonal. If one had calculated 
instead ^ would have found it to be finite. In literature [4], this 

property has been termed to as bi-orthogonality. 

The way out of vanishing Majorana mass terms proposed in the literature is 
to consider the Weyl spinor components as Grassmann numbers. The Majorana 
mass term therefore acquires purely quantum nature [5] and it seems that no 
classical theory of massive Majorana spinors can be constructed. 

It is the first goal of the present paper to prove the opposite. 

The next surprise from to Majorana spinors is that they are non-propagating 
in four spinorial dimensions, one more consequence of Eq. (3). Indeed, boosting 
rest-frame spinors amounts to (from here onward we introduce as arguments 
of the spinors their relevant momentum) 



Bl(br{p) = 



M 

Po + m / I2 
2m \ 



O 2 



Po-\-rn 

O 2 lo + 

'J2 J-2 ^ po+m 



(5) 
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where the boost matrix has been denoted by Identity and null matri- 

ces of dimensionality nxn are denoted in turn by In and On, while positive and 
negative signs in front of the cr-p term correspond to and Bl{p), respec- 

tively. After simplifications, and usage of Eq. (3) one finds the boosted Majorana 
spinors, say, j = 1, to be independent of the spin-momentum correlation and 
equal to 




The property of bi-orthogonality [4] requires the combination (p) (p) 

as the projector onto and, striking enough, momentum independent. 

Indeed, 






(m - IpI +po)(m+ |p| +po) 
2m(m + po) 



( 0 ) . 



( 8 ) 



Our statement proves true in noticing that upon using the mass shell condition, 
the factor in front of f2^ ( 0 ) in Eq. (8) reduces to one so that 



(p) = . 



( 9 ) 



Same is valid for all the other terms entering the projectors onto self- anti-self) 
conjugated Majorana spinors. Although we have not found nowhere this property 
being reported in the literature, we think that in one way or the other it may 
have been at the heart of the decision to retreat from four dimensional C spinors 
and restrict the consideration to two component Weyl spinors. 



It is the second goal of the present paper to show that, upon choosing 
an appropriate metrics, constancy of Majorana projectors and vanishing 
classical mass terms can be avoided in constructing eight dimensional 
spinors in such a way that, in calculating, say, the scalar product, Weyl 
spinors of equal helicities will stick together. The third goal is to check 
predictive power of such a calculus. 



The paper is organized as follows. In the Section 2 we build massive neutral 
spinors as eigenvectors of the particle-anti-particle conjugation operator starting 
with the appropriate rest-frame spinors and subjecting them to a Lorentzian 
boost. We disclose the paramount role of the C discrete symmetry of space time 
in stipulating the wave equation satisfied by spinors that are C eigenvectors in 
Sections 3-5. Sections 6 and 7 are devoted to the application of the theory to 
single /3 and double decays. The paper closes with a brief summary. 
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2 Neutral Spinors in (1/2,0) 0 (0, 1/2) as C Eigenvectors 

2.1 Spinor Construct 

In this Section we build up rest-frame neutral self- /anti-self-conjugate spinors 
that differ from the textbook ones presented in [1], [2] by the relative phase 
between the left handed and right handed fields. In the latter case, the phase is 
real, in our case, it is purely imaginary. This difference will acquire a profound 
importance for the phenomenological consequences of the theory. In order for 
the above spinors to have real C parities, one needs to re-define the charge 
conjugation operator in Eq. (1) to 



r = c = ^2k, 



( 10 ) 



where -0 is a generic (1/2, 0) 0 (0, 1/2) spinor. 

McLennan [6] and Case [7], constructed the self-conjugate part of such C 
eigenspinors. Anti-self-conjugate neutral spinors have been introduced later in 
Refs. [4] and shown to be necessary for securing completeness in (1/2,0) 0 
(0,1/2). In our case, in following Ref. [4] we will take this phase to be pu- 
rely imaginary. The Majorana spinors of that type will be denoted in turn by 
(p) and (p), in order to distinguish them from those in Eq. (1). As 

already pointed out in the introduction, Majorana spinors are patched together 
of two Weyl spinors of opposite helicities and a relative phase among them. The- 
refore, massive C eigenspinors are not eigenvectors of the helicity operator. To 
express this, we choose double index {h^—h\ labeling and thus emphasize dif- 
ference with respect to the single-helicity labels (t and 1) of Dirac’s Uh{p) and 
u^(p) P eigenspinors. Following Refs. [4], the rest frame spinors are chosen as 



.S/A 

^{h-h} 



( 0 ) 



-iCs/A<r2K^'t(0) 

^i(o) 



In the above equations, the phases (s and Ca take the values [4] 



(11) 



Cs Ca = —i, (12) 

respectively. The rest spinors, ^^(0), are taken to be eigenvectors of the helicity 
operator ^ 

|.p#^(0) = e;,^^(0), H = (13) 

and read 



^I(O) = 



^t(o) = 



cos(^/2)e 

sin(0/2)e*^/2 

sin(0/2)e“*'^/^ 

- cos((9/2)e*'?^/2 



The presentation between Eqs .(11)-(18) closely follows subsection 3.1 in Ref. 



(14) 

(15) 

[8]. 
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Here, 9 and (j) are in turn polar and azimuth angles. As long as helicity, and 
boost operators commute, the above property holds true in all frames. It directly 
verifies that the above spinors are indeed C eigenvectors, i.e., 

• (Ifi) 

As long as the charge conjugation operator transforms particles into anti- 
particles, spinors that are C eigenvectors, describe neutral particles that are 
their own anti-particles. 

With respect to the double- helicity index ^ it has been shown in Ref. [4] that 
following bi-orthogonality relations hold true 

= 0, = ±2imiSht - S^i) , (17) 

where 

Agi.,(o)=(Ag^,)’(»h«. ('«) 

Upper signs and " in Eq. (17) correspond in turn to S and A spinors. 
The imaginary norms are provoked by the imaginary relative phase Cs/A- At the 
present stage this may look as a disadvantage but on long term it will be of 
favor in so far that it will allow for physics different but the one related to the 
Majorana spinors in Eq. (1) where the relative phase has been chosen to be real. 

In accordance to Eqs. (6), (7), it is important to note that Eqs. (17) carry 
meaning only for massive particles beyond the |p|/(po) 1 limit, i.e. if both 

'^{/t}(p) non- vanishing. The completeness relation for the C 

eigenspinors is now obtained as 

n^(0) = [Af^,4,}(0)A{j^ .|-}(0) - , 

i7^(0) = +^^[Af^,4.}(0)A^4^ .,-}(0) - A^^ -^}(0)A{^_j^}(0)] , 

77 ^( 0 ) + 77 ^( 0 ) =U, ( 19 ) 

where 77'^ (0) and denote in turn the rest frame projection operators onto 

the self- and anti-self conjugate neutral spinors. 



3 Static C Eigenspinors in Four Spinorial Dimensions 

On search for a wave equation satisfied by the C spinors we first construct the 
relevant rest frame projectors as 

77^M(0) = ~(U± 72K) , 77^/^(0)Af/;l^j(0) = Af/;l^j(0) . (20) 



Upon boosting one arrives at 
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BR^Liv)^ (^4 + 72 ^) [Br^l{p)] ^ ^{h,-h}{p) — ^{h,-h}ip) 5 (21) 

where for the sake of concreteness we have considered the self-conjugate spinors. 
Equation (21) is equivalently rewritten to 

^i?0L(p)72[[^il©L(p)]"^] ^{h,-h}(p) = ^{h,-/i}(p)‘ (22) 

The latter relation shows that due to the presence of the operator of complex 
conjugation in C it is not possible to write an eigenvalue equation for either 
self- or, anti-self conjugate spinors separately. Rather, both the neutral spinors 
and their complex conjugate act as the relevant degrees of freedom. Equation 
( 22 ) creates the impression that one will end up with a system of two coupled 
equations for _/^}(p) and That this is not so is due to 



Br^l (p)72 [Brql (p)] ^ j 



72 . 



(23) 



Therefore Eq. ( 22 ) is nothing but an identity. It reflects the constancy of the 
projectors onto spinors that are C eigenstates. Note that in Ref. [4], the K 
operator in Eq. (20) was mimicked by a 4 x 4 matrix that complex conjuga- 
tes the rest frame spinors when acting directly upon them. However, as long as 
there is no universal matrix representation for complex conjugation, it fails to 

produce [Hi^ 0 j:,(p)] and thereby non-propagating spinors. Instead, Ref. [4] 
obtains an equation which, admittedly, is satisfied by the C egenspinors but is 
(i) inconsistent with 77'^/^ (p) = 77'^/^ (0), and (ii) violates Lorentz symmetry. 
Non-covariant equations of the type constructed in Ref. [4] depend on the par- 
ticular choice for the rest frame Majorana spinors under consideration and lead 
to various preferred frames. 

In order to obtain covariantly propagating C eigenspinors one has to follow 
a different logic. 



4 Propagating C Eigenspinors 

Apparently, the complete set of C eigenspinors {A'^(p), A"^(p}) can be decom- 
posed into any other complete set in (1/2,0) 0 (0, 1/2). For example, one may 
represent C spinors as a linear combination of P spinors that are nothing but 
Dirac’s {u(p), 't?(p)} spinors. In so doing one encounters 







( 


— H4 — I4 — H4 ^ 




■Ut(p)\ 




I 




I4 ^14 I4 




^*4.(P) 


A{t4.}(p) 


~ 2 


u 


1I4 ~I4 H4 




ut(p) 


V^Ut}(P)) 




\-iU 


I4 —Ha — 14 / 




\n(p)/ 



The latter equation shows that a C eigenspinor is a linear combination of Dirac’s 
particle and anti-particle spinors. Yet, one should keep in mind that validity of 
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the above decomposition has been proved only in the absence of time evolution. 
The quantization procedure of genuinely neutral fields needs to be carried out 
directly at the level of the C eigenspinors and not at the level of the underlying 
Dirac spinors. 

In applying now 0 I 4 to both sides of Eq. (24) and upon some simple 
algebraic manipulations, one finds^ 



— ml4 - 




O4 


O4 \ 








— ml4 


O4 


O4 




O4 


O4 


— ml4 


ip^lij. 




^m>(p) 


O4 


O4 




— ml4 / 




-A ■ 

'-v' ' 



(25) 



The block-diagonal form of the equation matrix suggests that the minimal space 
for describing propagating C eigenspinors has the dimensionality eight. 



5 C Eigenspinors in Doubled (1/2,0) © (0, 1/2) 



Equation (25) opens an intriguing possibility for the description of truly neutral 
particles as it suggests to amplify dimensionality of C eigenspinors from four to 
eight in introducing (in this section we suppress p arguments systematically for 
the sake of transparency of notations) : 






“ I esA 





ei 



€2 = 1, 



€3 = €4 = -1 , (26) 



with T = S, A. The above spinors define an orthonormal basis as 



^(S;l)^(S;l) = ^(S;4)^(5;4) = ^(A-,2) A(A-,2) 



^{S-,2)A(S-,2) = ^(5;3)^(S;3) — A 

A(T;i) = [^(r;i)] ^ Cg Tg 






A(A\^)A{a-,3) = +4m, 
A(a-a)A(A;4) = -4m, 

O 4 -iU \ 
fl4 O4 / ’ V O4 7'^ 



(27) 

(28) 

(29) 



Here, /§ the role of metrics in the eight dimensional space (to be denoted 

by Sg) of the C eigenspinors. From Eq. (25) one directly reads off that the 
eight-dimensional spinors satisfy the Dirac like equation 



( TmU \ ( ^\h-h} ) ^ n 

Tml4 ; 

^ Eq. (25) has been formally written down (up to notational differences) in Ref. [9] 
without addressing the argument on the constancy of the projectors onto C eigen- 
spinors and without exploring anyone of its phenomenological consequences. 
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where m” and “+m” in turn correspond to ^(r;/c) of positive and negative 
norms. In nullifying the determinant of the matrix acting upon yl(r;fc) in Eq. (30), 
one finds the standard energy- momentum dispersion relation, = 0. 

Therefore, Eq. (30) describes massive neutral particles in terms of spinors that 
are eigenvectors of the particle-anti-particle conjugation operator. The mass 
term can be viewed as to be of Majorana type only and only in the sense that 
it is determined by an antisymmetric matrix. 

At that stage it is necessary to test consistency of Eq. (30) with the projec- 
tor onto the spinors. In the following 77+ (p) and 77“ (p) in turn denote 

projectors onto spinors of positive, and negative norms according to: 

^"^(P) = {A(S;1)A(S;1) + ^(5;4)^(5;4) A(^A;2)A(A;2) + ^(A;3)^(A;3)) ? (^1) 

^ (P) = ~4^ (^(5;2)^(5;2) + ^(5;3)^(5;3) + ^(A;4) ^(A;4) ) • 

(32) 

In terms of 77+ (p) the wave equation for the propagating C eigenspinors reads 

-n'^(p)^(r;fc) = A(^T-,k) , (33) 

where 77+ (p) applies to ^(5-1), ^(5.4), while 77“ (p) applies to the 

rest. A direct calculation of, say, 77+ (p) leads to 



^+(p) = 1- 



4m \ 



f 2 m{n^{ 0 ) + n^{ 0 )) -iS 

iS 2m(i7^(0) + 77^(0)) 



1 / ml4 — 

2m \ ml 4 ) ’ 



(34) 



where we exploited completeness of the degrees of freedom, and intro- 
duced i: = -f In making use of 

the decomposition of the Eq. (24), one calculates the E quantity as 

the sum of the projectors onto Dirac u and v spinors 



E = + uiui H- -h = {pj, +Pp) ‘ j -\- rrij, - rriiy . (35) 

Here we denoted four momentum and masses of the neutral particles and anti- 
particles by Piy, Pp^ rriiy , and rup , respectively. 

Consistency between Eqs. (30), and (33) requires equality of the four mo- 
mentum of neutral particles and anti-particles and their respective masses, as 
should be in local theories. In so doing one ends up with E — and 




that establishes the consistency under discussion. Note that also A(^./j)77+ = 
holds valid. 



Single (3 and Double Ou/SP Decays with Majorana Spinors 437 

Introducing now the J?{8} field operator in tSg allows for quantization a la 
Dirac, e.g. 

i=lA k=2,S 

j=2,3 1=1,4 

(37) 

Here, dV is the appropriate phase volume. In order to match dimensions, Dirac 
spinors have also to amplified in parallel to Eqs. (26) through replacing S- 
and A-spinors by u and u, respectively. In order to respect orthogonality of 
P eigenspinors, one has to keep helicities same at top and bottom. The Dirac 
eight-spinors introduced in this manner are 



respectively. 











j = l,...,4, /I'-t,;, (38) 



6 Neutron (3 Decay with Classical C Eigenspinors 



In order to illustrate the predictive potential of the classical C eigenspinor for- 
malism, we here take a close look on neutron (single) f3 decay. 

In order to calculate cross sections, i.e. current-current tensors, in Sgj 
one has to make a choice for the eight-currents. In analogy to the Dirac vector 
current, we here construct 



^(r-,k) ~~ ^{r-,k)r^U(^j.hf) , — 7^ (8) I 2 , 



(39) 



with r = 5, A: = 1,4, and r = A,k = 2,3. As long as we are not gauging the 
theory, but are writing down ad hoc currents, one may think of a model for 
neutron beta decay presented here as a “toy” model. Yet, as it will be shown 
below, it will allow for some instructive insights into neutrino phenomenology. 

The above currents are conserved in the m ^ mi limit and have the property 
to take states of positive norm, to C eigenstates, of positive norm too. 

The current-current tensor for, say, calculated to be 



{r-,k),{j;h') 

{r-k),{j;h') 
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In making use of the definition of ^(r;fc) given in Eq. (29) one finds 






( 41 ) 



Insertion of Eq. (41) into Eq. (40) amounts to 




(42) 



(T;k),(j;h') 



In making use of the relation f one arrives at 







In the following we shall introduce the notation 77^ (p) as 




Four momentum and mass of the Dirac particle are in turn pi, and mi. Conver- 
ting Eq. (43) to trace is now standard and reads 



= \tr\ (4 (4m77+(p)) (2miil^(p)) 

= ^fr ( ( mlA -ii> \ / 7 ^ O4 \ +mi) (mi +i^i)^ ( Y O4 A 

4 \il 4 O4 J \ ml 4 y VO4 7 ^y \(mi -f /^i) (A +^i)/ \^4 7 *^ y 

_ 1 . 1 ^ b!^ 7 ^(^i +7^1)7'^ - ^^7^(^1 + ^^1)7"^] (mi -h 7^1)7*^ — im7^ (mi -h 7^1)7*^] \ 

2 2 V [7^7^ (mi + y>i )Y + imY (mi + /^i )Y] (mi + 7^1 )Y + ^^7^ (mi -h ^>1 )Y] ) 

= ^trip^(vnx • (45) 



Therefore, the trace entering the width happens to be insensitive to the neutral particle 
mass, m, in Eq. (30). The reason for this counter-intuitive phenomenon is that from 
the two matrices, T®, and Pg — Fs, entering the definition of d(r;fc) in Eq. (29), only 
P^ could be absorbed into 77^ (p), while the anti-symmetric off diagonal matrix Tg (it 
was necessary for the construction of C eigenspinors of real norms!) stand apart. Its 
presence in the trace in Eq. (45) is of pivotal importance in so far as the neutral particle 
mass in 7~877”*”(p) finds itself in the off diagonal of an anti-symmetric matrix. Because 
of that, the mass of the neutral particles drops from the trace and the decay width 
in such a scenario turns out to be insensitive to it, a conduct that can be in principle 
observed in experiments with polarized (3 decay sources (nucleon, nuclei). Notice that 
the (3 decay of unpolarized nucleons is any way insensitive to the lepton masses. 

Had we used the textbook Majorana spinors, the matrix Ts would have been off 
diagonal and symmetric and the mass would have been present in the trace. Thus, 
the choice for the relative phase between the right handed and left handed blocks in 
(1/2,0) 0 (0, 1/2) can profoundly influence phenomenology. 
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Same result holds true for the {j-h') current in Eq. ( 39 ). The above example 

shows that in depending on the dynamics in the spinor space of extra dimensions, a 
massive theory “there” my look as massless when rewritten in terms of Dirac degrees 
of freedom. 

A different situation is obtained in considering the current (it is conserved in the 
m — )> mi limit) 

^ (l8 ± Ts) V) , ( 46 ) 

Here, the interference term 

±\{A(r-,k)r>^U(j.,h') (yi(.;fc)r8r"C7o.v))^ + ). 

( 47 ) 



contributes zbm7^ {j/)\ + mi) 7^ , to the trace in Eq. ( 45 ). 



7 The Double Oi^/3/3 Decay 

The neutrinoless double beta decay (Oi^/ 3 / 5 ) is a process where two neutrons in a nucleus, 
A(Z, iV), are converted into two protons by the emission of two W~ bosons 

A{Z, N) A{Z + 2, AT - 2 ) + tE" + , ( 48 ) 

in such a way that the two subsequently emerging W~ e~ boson- fermion currents, 
appear connected by a virtual neutrino line (see Ref. [ 11 ] for details). This process is 
associated with a second order element of the S matrix and the related amplitude, here 
denoted by, T01//3/3, is given by 

Touf3(3 = W^[Uel^.{l + 75)u.J[Ue7r;(l + 75)u^e] • (49) 

In order to bring in the virtual neutrino line one makes use of the following identity 

Me7r7(l +7s)Mi^e = {{'U'eYyir,(^+l5){{Ui.^YY 

= [- 7 M(l- 75 )]Ve- ( 50 ) 

The letter expression is obtained in making use of the relations, 707^ = 7 m 7 o, 727 m = 
—7*72, 7^ = ~7m 5 I'hc anticommutation relations between the Dirac matrices, and t 
labeling the transposed. With that Eq. ( 49 ) takes the form 

L/^r] — + 7s)Tr ^ [— 7y^(l — 75)] Ue , II ^ ^ ^ Ui/^Uu^ . (bl) 

Here we suppressed helicity labeling of the Dirac spinors in order not to overload 
notations but expresses summation over this degree of freedom. Finally, 

can be converted to a trace in the standard way as 
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= |^Ue7fi(l + 75)-?7‘'° 7,,(1 - 7s) We] [we7A(l + 75 )-??'^'' 7^(1 -75)We]^ 

= tr|]i7“'’7;i(H- 75)i7‘'"7^(l — 75)-/7^‘(1 + 76)7«7o-n^'^'7o(l - 7 s)7a] • 

(52) 

Now we calculate above trace within the scenario of the previous section. To do so 
one has to perform in Eq. (52) the replacements 7 ^ — > T^, Ue t/e, 't’e ^ 

^(s/A-k), and 




In this way one creates the 8x8 version of \L^r]\^, where apparently, the metric matrix 
Is enters twice. The net effect of the twofold presence of Fs in the eight dimensional 
version of the matrix (52) providing the trace of the neutrinoless double beta decay is 
to bring back the mass to the neutral particle sector. In neglecting the squared neutrino 
mass (m^g ) compared to the squared neutrino momentum, , in 77^® , one finds 



(l+75)i7e7i;(l -75) = — y^ 7 r 7 (l -75), (54) 

Pue 

and recovers the well known proportionality of the OuPP trace to the square of the 
neutrino mass. Therefore, the Majorana calculus does not affect theory of the neutrino- 
less double beta decay based upon Dirac spinors. 



8 Summary 



We developed a formalism for genuinely classical neutral C eigenspinors with eight 
spinorial degrees of freedom. The introduction of extra spinor dimensions removed the 
typical momentum independence of the projectors onto four dimensional C eigenspinors 
and the resulting absence of propagation in this space. For the time being we wish to 
leave aside speculations about the particle content of the new degrees of freedom. 

We calculated the trace entering the width of neutron P decay within such a scenario. 
We showed that the neutral particle mass dropped out from the final four dimensional 
trace that emerged upon reducing the eight-dimensional trace down to the customary 
four dimensional Dirac degrees of freedom and for the class of currents in Eq.(39). In 
the calculation of the Ovpp trace, the neutrino mass re-appeared again. 

In conclusion, the theory of neutral particles described by means of classical C ei- 
genspinors offers the unique possibility of having a theory at hand that allows measu- 
rements on the end-point energy in polarized tritium P decay [10] to drive the neutrino 
mass closer and closer to zero without contradicting the observation of neutrino mass 
neither in oscillation phenomena, nor in OuPp [12]. 

Certainly, we do not deny the possibility that C eigenspinor theory may turn out 
to be equivalent to Dirac’s theory, meaning that the relevant physical current can be 
J(rtk) ,(r,h') in Eq. (46). 
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Fundamental Symmetries and Tests 
of General Relativity 



Application of Neutron Interferometry for 
Tests of Fundamental Physics Questions 



Helmut Rauch 

Atominstitut der Osterreichischen Universitaten, A- 1020 Wien, Austria 



Abstract. Interferometry with elementary particles combines particle and wave fea- 
etures in a direct way. In this respect, neutrons are proper tools for testing quantum 
mechanics because they are massive, they couple to electromagnetic fields due to their 
magnetic moment and they are subject to all basic interactions and they are sensitive 
to topological effects as well. Related experiments will be discussed. Deterministic and 
stochastic partial absorption experiments can be described by Bell- type inequalities. 
Recent neutron interferometry experiments based on postselection methods renewed 
the discussion about quantum nonlocality and the quantum measuring process. It has 
been shown that interference phenomena can be revived even when the overall inter- 
ference pattern has lost its contrast. This indicates persisting coupling in phase space 
even in cases of spatially separated Schrodinger-cat-like situations. These states are ex- 
tremely fragile and sensitive to any kind of fluctuation or other decoherence processes. 
More complete quantum experiments also show that a complete retrieval of quantum 
states behind an interaction region becomes impossible in principle. The transition 
from a quantum world to a classical one is still an open question. Recent experiments 
demonstrated a confinement- induced phase and showed the contextuality phenomenon 
of quantum phasics. The observed results agree with quantum mechanical laws and 
may stimulate further discussions about their interpretations. 



1 Introduction — Basic Relations 

In the past different kinds of neutron interferometers based on wavefront and 
amplitude division have been tested [I, 2, 3, 4]. The perfect crystal interferometer 
- first tested in 1974 at our 250 kW TRIGA reactor - provides the highest 
intensity and became the most frequently used neutron interferometer due to 
its wide beam separation and its universal availability for fundamental, nuclear 
and solid-state physics [5]. It represents a macroscopic quantum device with 
characteristic dimensions of several centimeters (Fig. I). 

The basis for this kind of neutron interferometry is provided by the undi- 
sturbed arrangement of atoms in a monolithic perfect silicon crystal [2, 6]. An 
incident beam is split coherently at the first crystal plate, reflected at the middle 
plate and coherently superposed at the third plate. From general symmetry con- 
siderations it follows immediately that the wave functions in both beam paths, 
which compose the beam in the forward direction behind the interferometer, are 
equal because they are transmitted-reflected-reflected (TRR) and 

refiected-reflected-transmitted (RRT), respectively. The theoretical treatment 
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PKasr Shill 

Fig. 1. Sketch of a symmetric perfect crystal neutron interferometer and a typical 
interference pattern 
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of the diffraction process from the perfect crystal is described by the dynamical 
diffraction theory [7, 8]. To preserve the interference properties over the length 
of the interferometer, the dimensions of the monolithic system have to be accu- 
rate on a scale comparable to the so-called Pendellosung length (~ 50 /im). The 
whole interferometer crystal has to be placed on a stable goniometer table under 
conditions avoiding temperature gradients and vibrations. A phase shift between 
the two coherent beams can be produced by nuclear, magnetic or gravitational 
interactions. In the first case, the phase shift is most easily calculated using the 
index of refraction [9, 10]: 



n = 




^ 1 - 



Nb^ 
27T ’ 



(1) 



where be is the coherent scattering length, aj- the reaction cross-section, and N is 
the particle density of the phase-shifting material. The different k vector inside 
the phase shifter causes a spatial shift, of the wave packet which depends on 
the orientation of the sample surface, 5, and which is related to the scalar phase 
shift, X, by 

tp ^ ipo exp*^'*' = -ipo = ipo exp®^ , ( 2 ) 



where x can be written as a path integral of the canonical momentum, kc, 
along the beam paths, x = fk^ds [11]. Therefore, the intensity behind the 
interferometer becomes 



lo oc 



2 



^0 + ^0 



oc (1 + cosx) • 



( 3 ) 
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The intensity of the beam in the deviated direction, /h, follows from particle 
conservation, /q + = const. Thus, the intensities behind the interferometer 

vary as a function of the thickness, -D, of the phase shifter, the particle density, 
or the neutron wavelength, A. 

Neutron optics is a part of quantum optics, and many phenomena can be 
described properly in that terminology, where the coherence function plays an 
important role [12, 13], 



r(A) = moMA )) , 



( 4 ) 



which is the autocorrelation function of the wave function. Using a wave packet 
description for the wave functions [amplitudes a(k)j, 

oc J a(k) exp^^^ d/c , (5) 

one obtains 



/o(^o) OC + 



oc 1 + 



n^o) 



cosxo = 1 + 



r{Ao) cos(^o • ko) , (6) 



where Aq and xo denote the phase shifts related to the mean momentum, ko- 
This gives 



r(A) 



/<,(k) 






( 7 ) 



Thus the absolute value of the coherence function can be obtained from the fringe 



visibility. 



r{A) = (/Max - /Min) /(/Max + /Min), or as the Fourier transform of 



the momentum distribution, g{\i.) = a(k) 



The mean square distance related to 



r{A) 



defines the coherence length. 



which is for Gaussian distribution functions directly related to the minimum 
uncertainty relation (A^Ski = 1/2). Similar relations can be obtained for time- 
dependent phenomena, where the spectral distribution, g{oo), and the temporal 
coherence function come into play. 

Any experimental device deviates from the idealized situations: the perfect 
crystal can have slight deviations from its perfectness, and its dimensions may 
vary slightly; the phase shifter contributes to such deviations by variations in 
its thickness and inhomogeneities; and even the neutron beam itself contributes 
to a deviation from the idealized situation because of its momentum spread, 
Sk. Therefore, the experimental interference patterns have to be descibed by 
a generalized relation. 



I oc A-\- B 



r{A) cos(x + ^o) , 



( 8 ) 



where A, B and are characteristic parameters of a certain set-up. It should 
be mentioned, however, that the idealized behaviour described by (3) can nearly 
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be approached by a well-balanced set-up (Fig. 1). Phase shifts can be applied 
in the longitudinal, transverse and vertical directions, and the related coherence 
properties can be measured [14]. In the transverse direction the phase shift beco- 
mes wavelength independent (xt = —"^dhki^hcDo’^ dhki' lattice distance), which 
implies a much larger coherence length in that direction. 

All the results of interferometric measurements obtained up until now can 
be explained well in terms of the wave picture of quantum mechanics and the 
complementarity principle of standard quantum mechanics. Nevertheless, one 
should bear in mind the fact that the neutron also carries well-defined par- 
ticle properties, which have to be transferred through the interferometer. These 
properties are summarized in Table 1 together with a formulation in the wave 
picture. Both particle and wave properties are well established, and, therefore, 
neutrons seem to be a proper tool for testing quantum mechanics with massive 
particles, where the wave-particle dualism becomes very obvious. In connection 
to this the author remembers a conversation with John Bell during a meeting in 
Grand Montana in 1983, where John explained that a neutron even it is massive 
should be considered as a much smaller object than a photon or an electron. 

All neutron interferometric experiments pertain to the case of self-inter- 
ference, where during a certain time interval, only one neutron is inside the 
interferometer, if at all. Usually, at that time the next neutron has not yet been 
born and is still contained in the uranium nuclei of the reactor fuel. Although 
there is no interaction between different neutrons, they have a certain com- 
mon history within predetermined limits which are defined, e.g., by the neutron 
moderation process, by their movement along the neutron guide tubes, by the 
monochromator crystal and by the special interferometer set-up. Therefore, any 
interferometer pattern contains single-particle and ensemble properties together. 

2 Classic Neutron Interference Experiments 

2.1 Gravity Experiments 

The gravitational interaction of neutrons for usual laboratory conditions is com- 
parable to the mean nuclear and magnetic interaction, and, therefore, a measu- 
rable interference signal is to be expected. The interaction Hamiltonian in this 
case reads 



where g is the gravitational acceleration directed towards the center of the earth 
and uj the angular rotation frequency of the earth. 

The phase shift within the interferometer is calculated by using the path 
integral with the canonical momentum as mentioned earlier. In this way, after 
several intermediate steps, one obtains the gravitational phase shift: 



Hg = mgr — (jjh{r x k) , 



( 9 ) 




27t/i2 ^ n 



( 10 ) 
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Table 1. Properties of neutrons. 



Particle Properties 


Connection 


Wave Properties 


m = 1.6748220(25)£' - 27kg 
s=\h 


de Broglie 


\ - A- 

— rnc 

= 1.319695(20)£; - 15m 


g = -9.6491783(18)S - 27 J/T 




For thermal neutrons: 


T = 882.6(2.7)s 


Schrodinger 


A — l.SA,v = 2200m/s 


R = 0.7 fm 


Htp{r,t) = ih '> 


= ^ = 1.8E - 10m 


a = 12.0(2.5)B - 4/m® 


and 


^c = 4i; = E -8m 


u - d - d quark structure 


boundary conditions 


Ap = vAt ^ E — 2m 


m: mass; s: spin; fi: magnetic 
moment; r: /?-decay lifetime; 

R: (magnetic) confinement radius; 
a: electric polarizability; all 


— /iB 

Two-level 


Ad = UT = 1.942(5)F^6m 
0 < X ^ 27r(47r) 

Ac: Compton wavelength; 
Ab: de Broglie wavelength; 
Ac', coherence length; 

Ap\ packet length; 


other measured quantities like 


system 


dk'. momentum width; 


electric charge magnetic monopole 
and magnetic dipole moment are 
indistinguishable from zero 


jiB 


At: chopper opening time; 
v: group velocity; 

X: phase 



where A is the area enclosed by the coherent beam trajectories in the interfero- 
meter, ^ is the angle at which the interferometer is turned out of the horizontal 
plane, is the latitude of the point at which the experiment takes place, and e is 
the angle of rotation around the vertical axis. The first expression in the above 
equation describes the familiar gravitational term and was proven by Colella^ 
Overhauser and Werner [15] by rotating the interferometer around a horizontal 
axis (COW experiment). This phase shift can be understood as the difference in 
gravitational potentials of the two coherent beams, as one travels higher than 
the other. 




Fig. 2. Results of the earth rotational experiment [16, 17]. 
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The Coriolis or Sagnac term in (9) was observed experimentally for the first 
time by Werner et al. [16, 17], by directing a neutron beam vertically upwards 
and by turning a perfect crystal interferometer around this vertical axis (Fig. 2). 
The result gives an impression of how sensitive the interferometric measuring 
method actually is. The easiest way to visualize this effect is by imagining the 
area encompassed by the two coherent beams as a differently oriented flag on 
the rotating earth. A more detailed discussion can be found in Greenberger [18]. 

A complimentary investigation to the gravitational measurements was per- 
formed by Bonse and Wroblewski [19], who brought the interferometer into 
a slightly oscillatory motion and, in so doing, also observed a phase shift, this 
being proportional to the respective acceleration of the interferometer plates. 
In summary, this proved the validity of the classical transformation laws for 
noninertial frames of reference in the quantum limit. 

2.2 Neutron Fizeau Effect 

An additional phase shift arises when there is a relative motion between the 
beam and the phase shifter. The calculation of this effect can be done on the 
basis of Galileian transformation because the velocity of the neutron (v) is much 
smaller than the velocity of light. Therefore, the momentum of a particle, K', 
inside a material which moves with the velocity w is given as 

K' = K-^w. (11) 

The Fizeau phase shift arises from the different phase shifts of a static and 
moving phase shifter [20]: 

Axf = (1 - n')k'D - (1 - n)kD = . ( 12 ) 

Quantum mechanics predicts that a Fizeau phase shift occurs only when the 
boundary is moving relative to the neutron beam, which is quite a difference 
to the optical Fizeau effect, which depends on the motional state of the phase 
shifter material. The first observation of this effect was achieved by Klein et 
al. [21] with a double-slit interferometer and a moving quartz phase shifter. 

2.3 47t Spinor Symmetry 

This is probably one of the most discussed neutron interference experiments. 
Based on elementary principles of quantum mechanics, the propagation of a wave 
function can be described by a unitary transformation, given by the relevant 
Hamiltonian. For magnetic interaction, = “MB, the propagation of the 
two-component spinor wave function^ which describes the neutron as a fermion, 
can be represented as follows: 



= V>(0) = -^(0) exp ^ g^p-i<ra/2 ^ ^ 
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Fig. 3. First verification of the 47 t symmetry of a spinor wave function [22]. 



where a is the Larmor precession angle, 



a 






(14) 



When inserting the Pauli spin operators, one can easily show that has 47 t 

symmetry, and not the 27 t symmetry we are used to with respect to expectation 
values and within the scope of classical physics, 



'0(27t) = —'0(0) , '0(47t) = '0(0) . 



(15) 



These facts, which were not previously regarded as verifiable, can be elucidated 
very easily with neutron interferometry by observing the intensity modulations, 
while one of the coherent beams passes through a magnetic field. 



Io = 



V’o(o) + V'o(a) 



2 a 

(X 1 + cos — 



(16) 



The above relation is valid for polarized and unpolarized neutrons, which points 
to the inner symmetry properties of fermions. From (14) and (15) one recognizes 
that only for o; = 47 t is the original state reproduced. This was verified, nearly 
simultaneously, in measurements by Rauch et al. [22] and by Werner et al. [23] 
(Fig. 3). Afterwards, this effect was also proven through several other methods 
and for a series of other fermion systems. A distinction between dynamical and 
topological phases will be discussed in Sect. 5. 



2.4 Spin Superposition 

Spin superposition is an often used principle of quantum mechanics. Its curiosity 
value has been stressed by Wigner [24]. In the experiment the wave function of 
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both coherent beams are originally polarized in the | z) direction. One beam is 
then inverted to a polarization in the | —z) direction, whereas the other remains 
unchanged. Both beams are then superimposed. This spin flip can be produced, 
for example, by Larmor precession around a magnetic field perpendicular to the 
2 ; direction. The result for superposition of these two beams, thus prepared, can 
be obtained by applying the rotation operator (13) to the spin-flipped beam for 
a rotation of 180° in the y direction. If we also allow for a nuclear phase shift, 
one finds 



7/;(;y^7r) = exp^^ exp I J^z) = — exp*^ I +z) = exp^^ | -z) . (17) 



The total wave function, 'ijj =\ -^-z) +exp^^ | —z), leads to the following polariza- 
tion of the outgoing beam: 






( cosx\ 

sinx 

0 / 



(18) 



Consequently, this polarization lies in the x, y plane, and is perpendicular to the 
polarizations of the two superimposed, coherent beams. This implies that a pure 
quantum state in the [ z) direction, e.g. for x = 0, has been transformed into 
a quantum state in the | x) direction, and, in the sense of self-interference, which 
definitively applies here, it seems that each neutron has information about the 
physical situation in both of the widely separated coherent beams. The expe- 
riment by Summhammer et al. [25] has fully confirmed this process. Intensity 
modulations appear only when the polarization analysis is done in the x, y plane. 

This above-mentioned experiment was repeated with a Rabi resonance flip- 
per^ which is also routinely used as a spin-flipping device in polarized neutron 
physics. Along with the spin flip, a simultaneous energy exchange is taking place 
between the resonator system and the neutrons {AE = huj: — where 

Bq is the strength of the guide field). Here one has to use the time-dependent 
Schrodinger equation and to take into consideration the change in the total 
energy of the neutron system, 

'0(x?^r) = exp^^ exp“"^^^~^^^^ I —z) , (19) 

which leads to the following polarization, when the other unchanged coherent 
beam | z) is superimposed: 



( C0S(X - UJrt) \ 

sin(x - u;rt) j . (20) 

The polarization is also in the x, y plane; however, it rotates within this plane 
synchronously with the resonance flip-field. It was possible to demonstrate this 
effect with a stroboscopic measurement, where the polarization in a given direc- 
tion was measured synchronously with the phase of the flip-field [26]. 



Application of Neutron Interferometry 453 



In connection with these results, the obvious question arises as to whether 
the measurement of the energy transfer makes a determination of the beam path 
possible. One can, however, show that this is impossible, because interference 
vanishes in the presence of a measurable energy shift (i.e. larger than the energy 
width of the beam), and because the measurement of the energy change of the 
flipfield is impossible due to the photon-number-phase-uncertainty relationship 
{A(!)AN > 1 ). 

These energy-exchange measurements have been extended by Summhammer 
et al. [27] to multiphoton exchange experiments. In this case an oscillating ma- 
gnetic field with a frequency of 7.534 kHz was inserted into one beam and up 
to five photon emission and absorption processes were identified from the time- 
resolved interference pattern. 

2.5 Neutron Josephson Effect 

A double coil arrangement has been used for the observation of a new quantum 
beat effect, which is the magnetic analog to the well-known superconducting 
electric Josephson effect. If the frequencies of the two coils are chosen to be 
slightly different, the energy transfer becomes different too [AE = h{cJri —^ 12 )]’ 
The flipping efficiencies for both coils are always very close to unity (better than 
99%). Now, the wave functions change accordingly to 

ip I 4 .) + exp*x exp*(“-‘^'")‘ | i) . ( 21 ) 

Therefore, the intensity behind the interferometer exhibits a typical quantum 
beat effect, given by 



7 OC 1 -h COs[x + (^rl - ^r2)t] • (22) 

Thus, the intensity behind the interferometer oscillates between the forward 
and deviated beam without any apparent change inside the interferometer [28]. 
The time constant of this modulation can reach a macroscopic scale which is 
correlated to the uncertainty relation, AEAt > h/2. 

Figure 4 shows the result of an experiment where the periodicity of the in- 
tensity modulation, T = 27r/(a;ri —(j 0 t 2 )^ amounts to T = (47.90 ±0.15) s caused 
by a frequency difference of about 0.02 Hz. This corresponds to a mean energy 
transfer difference AE between the two beams of AE = 8.6 • eV and to 

an energy sensitivity of 2.7 • 10~^^ eV, which is many orders of magnitudes lar- 
ger than that of other advanced spectroscopic methods. This high resolution is 
strongly decoupled from the monochromaticity of the neutron beam, which was 
AEb = 5.5 • 10“"^ eV around a mean energy of the beam of Eb = 0.023 eV in 
this case. The quantum beat effect can also be interpreted as the magnetic Jose- 
phson effect analog where the phase difference, A{t), is driven by the magnetic 
energy, whereas in the well-known Josephson effect in superconducting tunnel 
junctions [29] the phase of the Cooper pairs in both superconductors is driven 
by the electrical energy. 
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Fig. 4. Quantum beat effect observed when the frequencies of the two flipper coils 
differ by about 0.02Hz around 71.89979kHz [28]. 



2.6 Stochastic Versus Deterministic Beam-Path Detection 

A certain amount of beam attenuation can be achieved either by a semi- 
transparent material or by a proper chopper or slit system. The transmission 
probability in the first case is defined by the attenuation cross-section, of the 
material [t — I / Iq = ex.p(—aaND)]. The change in the wave function is obtained 
directly from the complex index of refraction (1): 

t/; ^ ^0 exp^^’^"^^^^ = ipo exp^^ exp"""^^^^/^ = exp^^ \%Po • (23) 

Therefore, the beam modulation behind the interferometer is obtained in the 
following form: 



lo oc 



i’l + ^0 



2 

OC 



(1 -h t) + 2 a/^cosx • 



(24) 



On the other hand, the transmission probability of a chopper wheel or another 
shutter system is given by the open-to-closed ratio, t = topen/(^open + Aiosed), 
and one obtains after straightforward calculations 



I oc 



(1 - 1 ) 



+ i V’o + 



[(1 + ^) + 2t cosx] 



(25) 



i.e. the contrast of the interference pattern is proportional to y/H in the first 
case and proportional to t in the second case, although the same number of 
neutrons are absorbed in both cases. The absorption represents a measuring 
process in both cases, i.e. a beam-path detection, because compound nuclei are 
produced with an excitation energy of several MeV, which are usually deexcited 
by capture gamma rays. The measured contrast lies along the lines “stochastic” 
and “deterministic” in Fig. 5 [30, 31]. The different contrast becomes especially 
obvious for low transmission probabilities. The discrepancy diverges for £ ^ 0, 
but it has been shown that in this regime the variations of the transmission 
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Fig. 5. Lattice absorber in the interferometer approaching the classical limit when 
the slits are oriented horizontally and the quantum limit when they are oriented ver- 
tically [34]. 



due to variations of the thickness or of the density of the absorber plate have 
to be taken into account, which shifts the points below the (“stochastic”) 
curve [32]. 

The region between the linear and the square-root behaviour can be reached 
by using very narrow chopper slits or narrow transmission lattices, where one 
starts to lose information regarding through which individual slit the neutron 
went. This is exactly the region which shows the transition between a deter- 
ministic and a stochastic situation, and, therefore, it can be formulated using 
a Bell-like inequality > x > f) [33]. 

The stochastic limit corresponds to the quantum limit when one does not 
know anymore through which individual slit the neutron went. Which situation 
exists depends on how the slit width, /, compares with the coherence lengths in 
the related direction. When the slit widths become comparable to the coherence 
lengths, the wave function behind the slits show distinct diffraction peaks which 
correspond to new quantum states (n ^ 0). The creation of the new quantum 
states means that those labeled neutrons carry information about the chosen 
beam path and, therefore, do not contribute to the interference amplitude [34] 
(Fig. 5). A related experiment has been carried out by rotating an absorption 
lattice around the beam axis, where one changes from I < (vertical slits) to 
I ^ Ay (horizontal slits). Thus, the attenuation factor, has to be generalized 
to include not only nuclear absorption and scattering processes but also lattice 
diffraction effects if they remove neutrons from the original phase space. 

The partial absorption and coherence experiments are closely connected to 
the quantum duality principle, which states that the observation of an interfe- 
rence pattern and the acquisition of which- way information are mutually exclu- 
sive. Various inequalities have been formulated to describe this mutual exclusion 
principle [35, 36]. The most concise formulation reads 

V^ + P^ =<1, 



(26) 
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where V denotes the fringe visibility (5) and F is the predictability of the way 
through the interferometer, which is a quantitative measure of the a priori which- 
way knowledge. 



3 Postselection Experiments 

Various post selection measurements in neutron interferometry have shown that 
interference fringes can be restored by proper filtering methods even in cases 
when the overall beam does not exhibit any interference fringes due to spatial 
phase shifts larger than the coherence lengths of the interfering beams [37, 38]. 
Postselection procedures can be applied to various parameters of an experiment: 

• spatial postselection; 

• momentum postselection; 

• counting statistic postselection; 

• phase postselection; 

• topology postselection. 

Figure 6 shows some of them schematically. Here we discuss momentum post- 
selection and phase-echo experiments and refer the reader for other methods to 
the literature [39, 40, 41]. 



3.1 Postselection of Momentum States 



The experimental arrangement with an indication of the wave packets at dif- 
ferent parts of the interference experiment is shown in Fig. 6. An additional 
monochromatization is applied behind the interferometer by means of a single 
crystal adjusted to a Bragg position or by time-of-fiight systems. Adding the 
momentum-dependent intensity to the plane-wave interference pattern (3) one 
obtains for Gaussian momentum distributions 

1 + cos ( xo 



7o(A:) = exp [—{k — 




The spatial phase-shift-dependent intensity is given by (5). The formula 
shows that the overall interference fringes disappear for spatial phase shifts much 
larger than the coherence lengths [Ai > A^ = l/{25ki)]. The surprising feature is 
that Io{k) becomes oscillatory for large phase shifts where the interference frin- 
ges described by (5) disappear ([37], see Fig. 7). This indicates that interference 
in phase space has to be considered [42] . 

The amplitude function of the packets arising from beam paths I and II 
determines the spatial shape of the packets behind the interferometer, 

2 



Io{x) = 



'^{x) + -f A) 



(28) 
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Fig. 6. Sketch of various postselection methods. 
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Fig. 7. Interference pattern as a function of the relative phase shift (middle) and 
related wave packets and momentum spectra behind the interferometer for different 
values of the phase shift [37]. 



which separates for large phase shifts into two peaks (Fig. 7). For an appropria- 
tely large displacement {A ^ A^)^ the related state can be interpreted as a super- 
position state of two macroscopically distinguishable states, that is a stationary 
Schrodinger cat-like state [43, 44], but here first for massive particles. These sta- 
tes - separated in ordinary space and oscillating in momentum space - seem to 
be notoriously fragile and sensitive to dephasing effects [44, 45, 46, 47, 48]. The 
duality equation (26) is still valid because distinguishable states are produced 
(p = i). 

Measurements of the wavelength spectrum were made with a silicon crystal 
with a rather narrow mosaic spread, which reflects in the parallel position a rat- 
her narrow band of neutrons only {Sk'/ko ~ 0.0003), causing a restored visibility 
of the interference pattern at large phase shifts [38] (Fig. 8). This feature shows 
that an interference pattern can be revived even behind the interferometer by 
means of a proper postselection procedure. In this case the overall beam does 
not show interference fringes anymore, and the wave packets originating from 
the two different beam paths do not overlap. The momentum distribution was 
measured by scanning the analyzer crystal through the Bragg position. These 
results clearly demonstrate that the predicted spectral modulation (27) appears 
when the interference fringes of the overall beam disappear. The modulation is 
somehow smeared out due to averaging processes across the beam due to va- 
rious imperfections, which are unavoidable in any experimental arrangement. 
The contrast of the empty interferometer was 60%. 
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Fig. 8. Interference pattern of the unfiltered overall beam {6k/ko = 0.012, middle) 
and the filtered beam reflected from a nearly perfect crystal analyzer in the antiparallel 
position (Sk'/ko — 0.0003, left) and the observed spectral modulation (right) of the 
outgoing beam for different phase-shifter thicknesses [38]. 



The new quantum states created behind the interferometer can be analy- 
zed with regard to their uncertainty properties. Analogies between a coherent 
state behavior and a free but coherently coupled particle motion inside the in- 
terferometer have been addressed [31]. In such cases, the dynamical conjugate 
variables x and p minimize the uncertainty product with identical uncertainties 
(Z\x)^ = (Ak)^ = 1/2 (in dimensionless units). Simple calculations show that for 
{Ak)‘^ a value below the coherent state value can be achieved, which in quantum 
optic terminology means squeezing [49, 50, 51, 52]. One emphasizes that a single 
coherent state does not exhibit squeezing, but a state created by superposition 
of two coherent states can exhibit a considerable amount of squeezing. Thus 
highly nonclassical states are made by the power of the quantum-mechanical 
superposition principle. 

It should be mentioned that momentum post selection in typical Bell ex- 
periments with entangled photons may also give a less mystic view of these 
experiments [37]. 
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3.2 Contrast Retrieval by Phase Echo 

A large phase shift {A > A^) can be applied in one arm of the interferometer, 
which can be compensated by a negative phase shift acting in the same arm 
or by the same phase shift applied to the second beam path [53]. Because the 
phase shift is additive, the coherence function depends on the net phase shift 
only. Thus, the interference pattern can be restored, as is shown in the form of 
an experimental example in Fig. 9. The phase-echo method can also be applied 
behind the interferometer loop when multiplate interferometers are used [41]. In 
this case, the situation becomes even more alike to the situation discussed in the 
previous section. The experimental results completely confirmed that behaviour. 
Phase echo is a similar technique to spin echo [3], which is routinely used in 
neutron spectroscopy and which represents an interference experiment as well. 
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Fig. 9. Loss of contrast at high interference and its retrieval by an opposite phase 
shifter inserted into the same beam [53] 



4 Phase-Space Coupling 

In the previous sections one noticed that coherence phenomena can be exchanged 
between various parts of the phase space. The modulation of the momentum 
distribution that appears when the spatial interference pattern disappears may 
be the most direct evidence of this phenomena (Fig. 8) [38]. In quantum optics, 
many phenomena are visualized by Wigner quasi-distribution functions, which 
are defined as [13, 54] 
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Fig. 10. Wigner functions for various phase shifts without (left) and with {right) 
fluctuations in the phase shifter [55]. 



1 C 

Ws{k,x) = - j 



+ CXD 







where in our case, 

'0(x) = -0^ + -0^^ = 'ip{x) + ^l){x + A) , 



(29) 



(30) 



we arrive at 

Ws{x,k,A) = W(x,k) + W{x + A,k) + 2W (^x + ^,k^ cos {A ■ k) 

oc exp[— (A: — ko)^/2Sk^] exp(— a:^/2(5x^) + 

-hexp[— (x H- -h 



-h 2 exp 




cos(zl • k) 



(31) 



Integration over the momentum variable gives the spatial distribution (5), and 
integration over the spatial variable gives the momentum distribution (27). Ty- 
pical results are shown in Fig. 10 [55]. 
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When fluctuations of the phase shifter (6N or 6Dq) are included, one notices 
that the wiggle structure between the separated peaks is more sensitive at high 
interference order than at low order. This causes a decrease in the coherence 
and a transition from a pure quantum state to a mixture. As a result, upper 
limits for the separation of massive (Schrodinger-cat) systems due to unavoidable 
zero-point fluctuations can be derived. It also indicates why the retrieval of 
a quantum state from one phase space to another one becomes intrinsically 
more difficult the larger the separations in one phase space happen. Since the 
spatial distribution, the momentum distribution and the offdiagonal traces of the 
Wigner function can be measured, the Wigner function can be reconstructed, 
which means a quantum-state reconstruction [56, 57, 58]. Related neutron optical 
experiments are in progress [59]. 



5 Topological Effects 

Topological and geometrical effects appear in the solution of the Schrodinger 
equation due to special geometric forms of the interaction [60, 61, 62]. Thus 
they are part of quantum mechanics, but they are easily overlooked by a pure 
intensity experiment. It also shows that a wave function often carries more in- 
formation than those extracted in a standard experiment. A typical example is 
the spin superposition experiment discussed in Sect. 2.4, where the exact result 
also depends on around which axis the spin has been rotated into the oppo- 
site direction. In this respect the action of a Hamiltonian can be separated into 
its strength (dynamical) and its geometry, which results from the sum of state 
changes along the excursion in phase space: 

^ I H I 7p{t))dt + i J < I ~ I 4>{t))dt 

= a -h . (32) 

where | = exp[//(t)] | 0(t)) with f{t) — /(O) = 0. Wagh et al. [63] recently 

performed a related experiment and showed clearly the existence of the topolo- 
gical phase. In a similar sense the scalar and the vector Aharonov-Bohm effects 
of neutrons have been verified by neutron interferometric methods [64, 65]. The 
geometric nature can be seen in Fig. 11 in comparison to the well-known electron 
Aharonov-Bohm effects. The neutron interferometer has recently also been used 
to verify off-diagonal geometrical phases [67]. 

The concept of topological phases can be extended to the description of 
absorption phenomena as they are discussed in Sect. 2.6. Increasing absorption 
can be attributed to a more particle-like behaviour [see (26)], and the state moves 
away from the equator to a latitude circle of the Poincare sphere with solid angle 
fl related to the geometrical phase, 0g: 

O(C') = 47t = 20g . 



( 33 ) 
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Fig. 11. Comparison of various Aharonov-Bohm phenomena for electrons and neu- 
trons. 



This can be detected by a four-plate, double- loop interferometer as done by 
Hasegawa et al. [66]. Good agreement between the theoretical predictions and 
the experimental results has been achieved. 



6 Confinement-Induced Phase 

When a neutron passes through a narrow slit its transverse momentum becomes 
quantized, kn± = nir/a [68], where a denotes the width of the slit. The situation 
is described by a rectangular potential of height V = 27rfi^bcN/m (Fig. 12). For 
a slit width of a = 22.1|im the lowest energy levels En are in the peV range. Since 
total energy is conserved the longitudinal momentum changes accordingly which 
causes a phase shift Acpn = ^(^||,n ~ ^\\,in)^ where denotes the incident 

(reference) longitudinal momentum and k\\^n the longitudinal momentum within 
the slit 



k\\,n = \/‘2m{Ein - En)/K^ ■ (34) 

Since there is always a variation of the slit width Aaja and a divergence of 
the beam, only the lowest levels contribute to a measurable phase shift. Their 
phase shift can be written as A(\)n = nXLI^cj? . The excitation probability of 
the individual levels depends on the angle of incidence of the various beam 
components and the net phase shift is a weighted average over all excited levels 
taking decoherence effects into account [69]. 
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Fig. 12. Sketch of the narrow slit system and of the related potential (left) and the 
experimental setup (right). 



The measurement procedure is shown in Figure 12 [69]. The measured phase 
shift A<p = 2.8(4)° is in rather good agreement with the calculated phase shift of 
2.5°. The measurement was quite difficult because the phase shift is small and 
the contrast is rather low because most neutrons exciting higher levels or being 
reflected from the walls do not contribute to the contrast. The observation of 
this effect which is caused by neutrons classically not touching the walls can be 
discussed in terms of the nonlocality concept of quantum mechanics. Since neu- 
trons do not exhibit van der Waal or electromagnetic interaction with the walls 
the effect is of purely quantum mechanical origin, i.e. due to the quantization of 
the neutron states within the slits and the spreading of the wave function over 
the whole slit producing nice wave function carpets. It demonstrates that the 
neutron, under these conditions, moves as an extended wave rather than a tiny 
particle through the slit. 



7 Quantum Contextuality 

A. Einstein^ B. Podolsky and N. Rosen [70] argued that quantum mechanics 
may not be comlete since non-local correletions between spatially separated sy- 
stems are predicted, which stimulated the discussion about “hidden” variables 
and a more “realistic” theory. J. Bell [71] formulated inequalities which can 
decide between between the quantum mechanical and the “realistic” view. Rela- 
ted experiments with entangled photons verified the non-local view of quantum 
mechanics [72, 73, 74]. Entanglement does not exist between different systems 
(photons) only but also between different degrees of freedom of a single system 
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Fig. 13. Sketch of the experimental setup for the contextuality experiment. The phase 
X and the direction of polarisation a could be varied independently [76]. 



(neutron) . This yields the concept of “contextuality” , which states that indepen- 
dent measurements of independent observables are correlated. In our case the 
beam path through the interferometer and the spin states are taken as indepen- 
dent observables. In this case a Bell-like inequality can be formulated, which can 
be measured from the counting rates N at different values of the phase shift x 
and the spin rotation angle a [75]. 

-2 < 5 < 2 , 

S = E{ai,xi) + E{ai,X2) ~ E{cx2,Xi) + E{a2,X2) , 

^ N{a, x) + N{a + tt, x + tt) - N{a, x + tt) - N{a + tt, x) /oc', 

^ N{a, x) + N{a + tt , x + tt ) + N{a, x + tt ) + N{a + tt , x) 

The maximal violation of this inequality due to quantum mechanics happens for 
the following parameters: aal = 0, a 2 = tt/ 2, xi = 'Tr/d and X 2 = — tt/ 4 and 
amounts to = 2\/2 = 2.82. 

The measurement scheme is shown in Fig. 13. The precise determination of 
the related counting rates at the parameter values given above yielded a value 
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for S of [76]: 



S' = 2.051 zb 0.019 , 



which is by a 3 <j- limit above two, verifying for the first time the context uality 
principle of quantum mechanics. The maximal violation of S = 2.82 has not 
been achieved because the contrast of the interference pattern and the neutron 
polarization were below unity. These quantities play in this kind of measurements 
a similar role than the finite efficiency of the photon detectors in entangled 
photon experiments. 



8 Discussion 

It has been shown in the previous sections that more information about a quan- 
tum system can be extracted when more experimentally accessible parameters 
are measured. It becomes obvious that a system remains coupled in phase space 
even when it becomes separated in any parameter space. Thus, interference pro- 
perties can be shifted from one parameter space to another one and back again. 
Related bands of plane-wave components which compose the wave packets may 
be considered as a factor responsible for the understanding of the coupling and 
nonlocality phenomena in quantum mechanics. It looks like that these plane- wave 
components of the wave packets, i.e. narrow bands, interact over much larger di- 
stances than the size of the packets. This interaction guides neutrons of certain 
momentum bands to the O or H beam. These phenomena throw a new light 
on the discussion about locality and nonlocality in quantum mechanics [70, 77]. 
This may be considered as a contribution to the speakable and unspeakable as- 
pects of quantum mechanics [78]. Spatially separated packets remain entangled 
in phase space and nonlocality appears as a result of this entanglement. The 
analogy with optical experiments performed in the time-frequency domain is 
striking [79]. Since entanglement exists not only between objects but also bet- 
ween different degrees of freedom [80], Bell- type experiments can also be done 
in single-particle experiments [75, 76], which proves the contextuality principle 
of quantum mechanics. 

The summaries drawn for the different experimental situations discussed in 
this chapter are followed by statements to the effect that the retrieval of the 
interference properties by several post selection procedures become increasingly 
more difficult the wider the separation of the quantum system before. This is also 
demonstrated by means of the Wigner distributions (Sect. 4, Fig. 10), where it 
has been shown that the transition from a quantum state to a mixture is always 
related to some statistical features of the interaction acting on the quantum 
system. Such fluctuations are, in principle, unavoidable due to residual quantum 
fluctuations inherent in any physical system. 

Unavoidable fluctuations (even zero-point fluctuations) cause an irreversi- 
bility effect, which becomes more influential for widely separated Schrodinger- 
cat-like states. All these effects can be described by an increasing entropy inhe- 
rently associated with any kind of interaction. This also supports the idea that 
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irreversibility is a fundamental property of nature and reversibility, an approxi- 
mation only, as stated by several authors [81, 82, 83, 84]. 

All the results of the neutron interferometric experiments are described well 
by the formalism of quantum mechanics. According to the complementarity 
principle of the Copenhagen interpretation, the wave picture has to be used 
to describe the observed phenomena. The question of how the well-defined par- 
ticle properties of the neutron are transferred through the interferometer is not 
a meaningful one within this interpretation, but from the physical point of view 
it should be an allowed one. 
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Abstract. Motivation is given for trying a theory of gravity with a preferred refe- 
rence frame (“ether” for short). One such theory is summarized, that is a scalar bi- 
metric theory. Dynamics is governed by an extension of Newton’s second law. In the 
static case, geodesic motion is recovered together with Newton’s attraction field. In 
the static spherical case, Schwarzschild’s metric is got. An asymptotic scheme of post- 
Minkowskian (PM) approximation is built by associating a conceptual family of systems 
with the given weakly-gravitating system. It is more general than the post-Newtonian 
scheme in that the velocity may be comparable with c. This allows to justify why the 
0PM approximation of the energy rate may be equated to the rate of the Newtonian 
energy, as is usually done. At the 0PM approximation of this theory, an isolated system 
loses energy by quadrupole radiation, without any monopole or dipole term. It seems 
plausible that the observations on binary pulsars (the pulse data) could be nicely fitted 
with a timing model based on this theory. 



1 Introduction 

The dominant opinion is that we already have both an excellent theory of gravi- 
tation - namely, Einstein’s general relativity (GR), and an excellent theoretical 
framework for particle physics - namely, the standard model, which is based 
on quantum field theory (QFT). The important problem of making quantum 
theory and GR compatible together should then be solved essentially by going 
to a superstructure including the two former theories as particular and/or li- 
miting cases, the candidates for that superstructure being searched in the wide 
range of string theory. This might prove to be the case in the future, but it 
must be admitted that string theories are very complex, being based on diffe- 
rential geometry on high- dimensional manifolds. Even GR and QFT separately 
are already very complex, to the point that the link between either theory and 
its experimentally confirmed predictions is not fully understood, being based on 
rather peculiar algorithms [1]. Therefore, apart from the main line of research, 
one can find some risky attempts, in which it is tried to take a quite different 
route. 

One such route is suggested by the existence of an alternative version/ in- 
terpretation of special relativity, which version was initiated by Lorentz [2] and 
Poincare [3, 4]. According to this version, the “relativistic” effects, which es- 
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sentially follow from the Lorentz transformation, are all due to the “true” Lo- 
rentz contraction of physical objects as they are moving through the “ether” or 
fundamental inertial frame [5, 6]. In fact it can be shown that both Lorentz’s 
space-contraction and Larmor’s time-dilation follow from the negative result of 
the Michelson-Morley experiment, under the assumption that light propagate in 
all directions with the same velocity c with respect to a rigid reference frame, 
in which Euclidean geometry applies [6, 7]. In this “Lorentz-Poincare version of 
special relativity”, the time which is defined in an inertial frame by using the 
Poincare-Einstein clock synchronization is generally not the “true time”: only 
in the fundamental inertial frame does the Poincare-Einstein-synchronized time 
coincide with the true time [8, 9, 6]. The Lorentz-Poincare version of special 
relativity has the same equations as the usual version initiated by Einstein in 
his well-known June 1905 paper, and is observationally equivalent to the usual 
version [6]. However, just because of this, the “ether”, which is still there in 
the former version, is indetectable. In particular, the true time of the Lorentz- 
Poincare version is not experimentally accessible. 

But, precisely, an essential assumption of the investigated alternative theory 
of gravitation [10, 7, 11, 12] is that the presence of a gravitational field breaks 
the Lorentz symmetry, thus making the ether detectable [11]. Therefore, in this 
theory, the inertial time in the ether frame is a physically identifiable preferred 
time T (called the “absolute time” ) . It is accepted that the existence of a prefer- 
red space-time foliation could give a solution to extend quantum theory to the 
situation with gravitation [13]. The very beginning of this program is the for- 
mulation of the free Klein-Gordon wave equation in a gravitational field, which 
is ambiguous in GR, but leads to a unique equation (which is a preferred- frame 
one) in the framework of the “ether-theory” [14]. Another motivation for trying 
a very alternative theory of gravitation is to solve some problems which are com- 
mon to GR and to most extensions of it - namely, the existence of singularities 
(there is indeed no singularity in the investigated theory, neither during gravi- 
tational collapse “in free fall” with spherical symmetry [15] nor in homogeneous 
cosmological models [16]), and the interpretation of the gauge condition (there 
is no gauge condition in this scalar theory). 

This theory gives the same predictions as GR for light rays [17] and it un- 
ambiguously predicts that the cosmic expansion must be accelerated [16]. As 
to celestial mechanics: since this theory predicts Schwarzschild’s motion for test 
particles in the static case with spherical symmetry [7, 11], one a priori expects 
that it should improve celestial mechanics as compared with Newton’s theory, 
in the same way as GR. However, due to the existence of preferred-frame ef- 
fects, one has to check this carefully. To this end, an “asymptotic” scheme of 
post-Newtonian (PN) approximation has been built for a weakly self-gravitating 
system of extended bodies, that consists in associating a one-parameter family 
of systems with that given system: each system is defined by an initial- value pro- 
blem [18]. This is a correct way to obtain asymptotic expansions of the solution 
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fields, with respect to the small weak-field parameter. For extended bodies in 
GR, this has been done only with a very particular initial condition as to the 
space metric [19], and the obtained local PN equations have not been integrated 
in the volume of the bodies to get equations of motion of the mass centers. The 
latter has been done for the investigated scalar theory [20, 21]. The obtained 
equations of motion of the mass centers depend on the spin rates of the bodies 
and involve structure-dependent parameters - two natural features for a theory 
that integrates the mass-energy equivalence. In order to test the theory, these 
equations have been implemented [22, 23] in a code for numerical integration 
and parameter adjustment, that has been built by the author and tested [24, 25] 
with standard equations of motion. (For the moment, the spin rates of the main 
bodies of the solar system have been neglected.) It has thus been found that 
the difference with a standard ephemeris [26] does not exceed 3” over the 20th 
century [23]. One may expect to significantly improve the observational agree- 
ment by improving the numerical treatment and also by adjusting the equations, 
not on an ephemeris, but directly on observational data. Indeed some correction 
factors of observational data are taken as free parameters in the adjustment of 
an ephemeris, hence the observations are not completely independent of the gra- 
vitational model. 

Thus the current situation as to the experimental test of this theory is en- 
couraging. However, it is usually considered that a scalar theory should have 
problems with gravitational radiation [27]. (Note that it is usually considered 
that a scalar theory should also have problems with gravitational effects on light 
rays [28], and that it is not the case for the present preferred- frame theory.) 
Therefore, the aim of the present investigation was to examine gravitational ra- 
diation. Before discussing the main line of that investigation, we shall present 
the theory. 



2 Basic Principles of this Scalar Theory 

2.1 Space-Time Metric and Field Equation 

The theory considered is a bimetric theory: space-time is endowed with both a 
fiat metric 7 ^ and a curved metric 7 . The relation between the two metrics is 
fixed by just a scalar field / [7]. This can be true only because this is a preferred- 
frame theory and the equations are written in the preferred reference frame E 
(“ether”). ^ Thus, space-time is the product R x M, where M is the “space” 

^ The theory could be rewritten in a generally-covariant form by incorporating the 
velocity field of the ether (relative to the reference frame associated with the given 
coordinate system) into the fields of the theory. If one restricts the choice of the 
reference frame to the “inertial” class made of the frames that have a uniform rigid 
motion with respect to E (the uniformity and rigidity being defined in terms of the 
flat metric 7 °), then one just has to add a constant vector V to the unknowns. 
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manifold, i.e. the set of the positions x in the preferred reference frame E, and 
most equations are merely space-covariant. The preferred time coordinate T is 
the inertial time in the frame E (i.e. T = /c with c the velocity of light, and 
where the coordinates {x^)(ii = 0, ...,3) are Galilean for the metric 7 ^, that 
is, 7 ®^ = T]^i^ with = diag(l, — 1, — 1, — 1)). In particular, the scalar field 

/ = (700 )e (thus in coordinates (y^) bound to the frame E and with = cT) 
determines the slowing down of real clocks in a gravitational field, as compared 
with an “absolute clock” that would measure the absolute time T. This is the 
case for a clock that is fixed in the ether frame, and far enough from any massive 
body so that it is not affected by any gravitational field [7]. 



The equation for the field / is [11] a nonlinear wave equation: 






1 

7 




SttG 

— 



= cT), 



( 1 ) 



with A = divgograd^o the usual Laplace operator defined with the Euclidean 
metric which is the spatial part of the flat metric 7 ^ in the frame E; G is 
Newton’s gravitation constant and a = (r^^)E is the mass-energy density in the 
ether frame, T being the “mass tensor”, i.e. the energy-momentum tensor in 
mass units. In the most general case, applicable to a heterogeneous universe on 
a cosmological time-scale, the gravitational field is not directly the field / but 
instead the field of the “ether pressure” Pe , and a different field equation applies 
[7]. But this reduces to (1) if the time variation of the “reference pressure” 
p^{T) = Supx^j^pe(x, T) is neglected [11], which should be the case except on a 
cosmological time-scale. The analysis of homogeneous cosmological models [16] 
confirms that the variation of p^(T) takes place over long time scales, of the 
order of 10 ^ years. 



2.2 Dynamical Equations 

Motion of a free test particle is defined by an extension of the special-relativistic 
form of Newton’s second law: 



E DP 

“ mZ’ 



( 2 ) 



where E is the energy of the test particle: for a mass particle, E = with 

m{v) = 7 ^m( 0 ) the velocity-dependent inertial mass ( 7 ^; is the Lorentz factor); 
for a photon, E = hv with v the frequency measured with real clocks affected 
by the gravitational slowing down and thus measuring the “local time” tx (see 
Eq. (4) below). Moreover, 




( 3 ) 
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is the gravity acceleration, 

dx 1 dx . . 

is the velocity, and D/£)tx is the correct time-derivative of a vector in the space 
manifold M endowed with the time-dependent Riemannian metric g {g is the 
spatial part of 7 in the frame E) [11]. Finally, 




is the momentum of the test particle. 

In the static case (/,o = 0), the extension ( 2 ) of Newton’s second law (thus 
three scalar equations) implies that free test particles follow the geodesic lines of 
metric 7 (thus four scalar equations: the time component of the geodesic equa- 
tion is equivalent to the energy equation valid for a test particle in a static field) 
[7]. In the static case with spherical symmetry, Schwarzschild’s exterior metric 
is obtained [7]. 

The dynamical equation for a continuous medium (fluid, electromagnetic 
field, ...) is deduced from Newton’s second law as defined above for a test particle. 
Indeed, for a dust^ Eq. (2) may be applied pointwise and implies [ 12 ]: 

7 ;% - b^, ( 6 ) 

bo{T) = ^gjk,oT^\ h(T) = -^gik,oT°'^ (7) 

(recall that g = (gij) is the (curved) space metric in the frame E. Semicolon 
means, as usual, covariant differentiation defined with the connection associated 
to the (curved) space-time metric 7 . Indices are raised and lowered with 7 ). 
The universality of gravity means that the same equation must hold true for any 
continuous medium, 

2.3 General Energy Conservation in This Theory 

Equation ( 6 ) may be rewritten in terms of the flat metric 7 ^, giving as the time 
component: 

= ( 8 ) 

(valid in Galilean coordinates for the flat metric) [12]. Using the equation (1) 
for the scalar field /, the r.h.s. of Eq. ( 8 ) may be transformed to a 4-divergence 
(with respect to the flat metric), thus giving a true conservation equation for 
the energy density 
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2 






(9) 



[11]. The energy rate in a fixed domain whose boundary dO. is not crossed by 
any matter, is got by integrating the conservation equation, it is 



3 Gravitational Radiation 

In GR and other relativistic theories of gravitation, gravitational radiation is 
mostly studied with the “weak-field approximation” , which is essentially a stan- 
dard linearization of the field equations [29, 30, 31, 28]. However, we are here 
in a domain where the accuracy of the observations (of the timing of the pulses 
emitted by binary pulsars) is very high, and so also is the precision of the com- 
parison theory/ observation [32]. Therefore, it is desirable that the link between 
the equations of the theory and its numerical predictions should be obtained 
with the help of a well-defined approximation scheme. Thus one would need 
to introduce an asymptotic framework, associating with the physical system of 
interest S a family (Sa) of gravitating systems (A is the small field-strength pa- 
rameter). A such “asymptotic scheme” was previously developed for celestial 
mechanics (see the fourth paragraph of the introduction here). As A — )> 0, the 
behaviour becomes Newtonian. Thus it is a post- Newtonian (PN) scheme. Like 
the standard PN scheme [29, 33, 31, 34], that “asymptotic” PN scheme leads 
to Poisson equations with instantaneous propagation, therefore it does not fit 
in the present context, since the aim is to describe how the energy balance is 
affected by the propagation of gravitational waves at the finite velocity c. 

What one would need is an asymptotic post-Minkowskian (PM) scheme, i.e., 
one leading to a wave equation for the gravitational field (here the scalar /). 
In GR, it has been proved that one-parameter families of solutions to the va- 
cuum Einstein equations generically exist, and that the successive coefficients of 
their Taylor expansions with respect to the parameter do satisfy the successive 
equations of the PM approximation [35]. However, in order to justify standard 
calculations based on equating the Newtonian energy rate to the energy rate 
as given by the “quadrupole formula of GR” (see e.g. Refs. [30, 31, 34]), it is 
necessary that there is indeed matter which has the relevant quadrupole tensor. 
One possible approach that would provide a reasonable justification to such cal- 
culations would be to show that the same given self-gravitating system may be 
consistently envisaged both in well-defined PN and PM approximation schemes; 
that the PM scheme (as applied to the given system and thus also inside the 
bodies) gives some calculable non-zero gravitational energy rate Epm; and that 
the PM scheme is more general than the PN scheme, so that it does make sense 
to state the equation 




( 10 ) 
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E EpM ~ ^PN- (H) 

This turns out to be feasible. We shall insist on the essential points of that 
approach (the details of which shall be published elsewhere) and shall skip the 
calculations. 

3.1 Principle of the Asymptotic PM Approximation 

As for the “asymptotic” PN scheme, which has been presented in detail in Ref. 
[18], a family (Sa) of perfect-fluid systems is defined by a family of initial condi- 
tions : at the initial time, the fields of pressure and proper rest-mass density in 
system Sa have respectively the form 

= AV^^x), pf^Hx) = Ap(^)(x); (12) 

the initial condition for the gravitational field /, or rather for V = (c^/2)(l — /) 

(which plays the role of the Newtonian potential), is given by 

v^)(x) = AV^)(x), ^tV^Hx) = Aar^^^^x); (13) 

and the initial condition for the velocity is 

u(^^x) =u(^>(x). (14) 



The system of interest, S (e.g. a binary pulsar), is assumed to correspond to 
a small value Aq <C 1 of the field-strength parameter 

A = Sup,gM[l - = 0)]/2 = = 0)]/c^ (15) 

Hence, equations (12)i_2 and (13)i mean physically that, in the system S (and 
more precisely near the center of the most massive body of S), the scalar 1 — / = 
1 _ ^(Ao) ^ that determines the magnitude of the difference between the ffat and 
curved metrics, is of the order of magnitude 2 Aq, and that the fields p and p have 
the order Aq and Aq, respectively (in units such that the fields p^^^ and p^^^ are 
of the order of unity near the center of the most massive body) . These equations 
(12)i_2 and (13)i are exactly the same as in the PN scheme [18]. ^ The essential 
difference with the (asymptotic) PN scheme of the scalar theory [18] is that, in 
the PM scheme, it is not necessary that |u| c (in the physical sense) for the 
given system S, because the velocity in the generic system Sa of the family is 
order zero with respect to the parameter A (Eq. (14)) - whereas the velocity 
is order a/A in the PN scheme [18]. Correspondingly, the time derivative of the 
gravitational potential V is order 1 in A in the PM scheme (Eq. ( 13 ) 2 ), whereas 



^ The small parameter considered in the present paper is A = , where e is that used 

in Ref. [18]. 
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it is order 3/2 in the PN scheme [18]. Hence, the (asymptotic) PM scheme is 
just more general than the corresponding PN scheme, in the sense that the given 
system S will automatically be suitable for the PM scheme if it is for the PN 
one, and the converse is not true. (But the PM family (Sa) is not “more general” 
than the corresponding PN family: it is just a different family of solutions.) Thus, 
^PM can be used in the PN scheme. 

3.2 PM Approximation of the Energy Rate 

We assume that the initial- value problem Pa, defined by Eqs. (12)-(14), has 
generically a unique solution in some large-enough domain, and that the solu- 
tion fields admit asymptotic expansions in powers of A, which have necessarily 
the same dominant order in A as the initial values. Precisely, we need just the 
principal part in these expansions. After changing the mass and the time units, 
for system Sa, to the new units [M]a = A[M] and [T]a = [T]/\/A (where [M] 
and [T] are the starting units), the small parameter A becomes proportional to 
1/c^, and all fields: p, p, V, dV jdx^ ^ hut the velocity^ are order zero, whereas the 
velocity field u is order c. We may hence write: 

F = 7/ + 0(l/c^), cr = cTo + 0(l/c^), u = uoc-hO(l/c) (16) 

(recall that a = (T^^)e is the source of the gravitational field, Eq. (1)). These 
expansions have primarily to be valid at fixed values of the relevant time and 
space variables. Due to the fact that the velocity is order zero in the small 
parameter (in fixed units) for the PM family, the relevant time variable (the 
“dynamical time” in the terminology of Ref. [19]) is the true time T (as expressed 
in fixed units) - whereas the relevant time variable is T\/A for the PN family 
of systems [18]. Therefore, in the new (varying) units, in which the expansions 
have the convenient form (16), and in which A oc 1/c^, the relevant time variable 
is = cT. As a consequence, the expansion of the field equation (1) leads, as 
we wished, to the wave equation for the 0PM potential U : 



- instead of the Poisson equation which applies to the OPN (Newtonian) poten- 
tial. As A — 0, the gravitational energy flux (10) has a principal part ^opm- 



where U is the relevant (retarded) solution of Eq. (17). 

3.3 There Are Only Quadrupole Terms in the Limit Radiative Flux 

The next task is to calculate the limit, as oo, of the 0PM flux ^opm on the 
sphere dft : |X| = R. To this end, one first expands the retarded potential U as 



DU = f/,0,0 -AU = 47rGao (x° = cT) 



(17) 
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oo, then one inserts this in (18). The multipole expansion of the retarded 
potential U contains monopole, dipole, and quadrupole terms, i.e. it contains 



M = y aodV, dipL,T) = f xVo(x, cT - |X|)dF(x), 
Jij(X,T) = f xV(7o(x, cT - |X|)dV(x). 

Indeed, we find: 



U{X,T) __ M X^di 

G “ ^ ci?2 



■■ 

2 ^ 



+ ... + 0 




(19) 

( 20 ) 



( 21 ) 



where overdot means partial derivative with respect to T and the points of 
suspension indicate omitted terms of order 1/R coming from time derivatives 
of order > 3 in the Taylor series expansion of the retarded density. However, 
M = Const, disappears from the flux (18), due to the presence of the partial 
derivative 8tU. As to di^ it is in the limit flux just by di. But = 0 from the 
0PM conservation of the total momentum (which is obtained when inserting the 
expansions (16) into the dynamical equation (6)). It follows that the limit as 
7^ — > 00 of the PM energy flux contains just quadrupole terms: 

(^oPM)iim = ^2tr J Ttr^J^ . (22) 



3.4 Use of the PM Approximation of the Energy Flux 

As already mentioned, the fact that the PM scheme is more general than the 
PN scheme implies that it makes sense to use the energy rate ^pm in the PN 
scheme. Let us try to expand on this point. The limit, as ^ oo, of the principal 
part of the PM energy flux, is given by Eq.(22), whereas, at the zero-order PN 
approximation^ the corresponding limit is zero. Indeed, the principal part of the 
PN energy flux, ^opn, is just the Newtonian energy flux. But the Newtonian 
energy of an isolated system is conserved, hence we have ^ 

lim ^oPN = 0- (23) 

R—^oo 

However, although the zero-order PN (i.e., Newtonian) energy F^opn is thus 
constant at this same zero-order PN approximation, it has no reason to remain 
so at the following, truly post-Newtonian, approximations. Indeed, as the order 
n of the PN approximation increases, the energy rate calculated at the 

^th p]\j approximation should become a better and better approximation of the 
exact energy rate more precisely one should have 

^ This is easy to check by integrating the local balance equations of Newtonian gravity 
[11]; the point is that, in Newtonian gravity, the gravitational energy flux has just 
the same expression ( 18)2 as in the 0PM approximation, but with U being now the 
Newtonian potential, which is such that U^k — 0(1/ R^) and 8tU — >■ 0 at large R. 
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E = + o(A”+i). (24) 

Moreover, the dominant part of should precisely be the rate of £^qpn: if the 
PN expansions are uniform with respect to time, then, by summing the rates of 
the successive terms in the asymptotic expansion of the energy: 



E = + KSEi^n) + ... + 0(A”+i), (25) 



one should obtain the asymptotic expansion of the energy rate: 

E = A(£:opn) + A + ... + 0(A"+1). (26) 

More exactly, when we write Eq. (26), we are using the PN approximation 
and we must hence rewrite this equation as 

S = 4’;>+0(A"+1)= (A) (£;opn) + a(A) (5^ipn) + ... + 0(A"+1). 

\^^/nPN \^^/nPN 

(27) 

Of course, just the same may be done with the PM scheme. What happens is 
that the first iterations of the PN scheme, in particular the very first one (the 
Newtonian approximation), give the simple prediction that the energy of the 
gravitating system is conserved, i.e. 

^PN ~ 0 0 < n < p. (28) 

Therefore, the exact energy rate is certainly very small, and one would like to 
calculate it by using the p PN approximation, that gives the first non-zero 
result (in GR, the standard PN scheme gives p = 5/2 [36], the fractional number 
meaning merely that a Taylor expansion in A does not apply any more) . But this 
is very complicated, hence one is led to admit that the first non-zero result given 
by the PM approximation, and which turns out to correspond to the zero-order 
PM approximation (Eq. (22)), is a good approximation to the exact result. The 
reason to believe so is that the PM approximation, in contrast to the PN one, 
does take into account naturally the phenomenon of gravitational radiation. We 
may summarize by admitting that, for some number p (may he p = 5/2): 

^^4n^(4) (£^opn)^(4) (29) 

/pPN V^-^/OPM 

3.5 Peters- Mat hews Coefficients and Decrease in the Orbital Period 

Now we consider a binary system and we assume i) that the two bodies are far 
enough, so that they do not tidally interact; and ii) that the radiative energy loss 
does not affect the spins. Under these assumptions, the rates of the quadrupole 
tensor J, which allow to approximate the gravitational radiative energy loss 
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(Eq. (22)), may be calculated with the system being simply modelled as two 
Newtonian point masses. Then we calculate that 



^ 8 G 

E ~ -(#OPM)lim = -^5 ^ 



2u^ 



(u.n)^ 



where 



X = xi — X2, u = X, = Gmim 2 , r = |x| , n = x/r 



(30) 



(31) 



(mi and m 2 are the zero-order masses of the pulsar and its companion; xi and 
X 2 are their positions). Therefore, the Peters-Mathews coefficients are: 



k\ = 2^ = -, ^dipole = 0 (scalar theory). 

In GR in harmonic coordinates, the expression of the energy rate is [34] : 

o G r 

E — (^OPM)lim — — 12 — 11 (u.n)^ 

15 m L 

(I.e., the Peters-Mathews coefficients are in GR: 

= 12, A )2 = 11, ^dipole = 0 (GR in harmonic coordinates).) 



(32) 



(33) 



(34) 



In order to relate the energy rate to the rate of the orbital period P of the binary, 
one uses Kepler’s third law, 

(27r/P)^a^ = G(mi -h m 2 ), (35) 



and the expression of the Newtonian energy of the binary, 

Gmim2 

-E = 

2a 

(where a is the semi-major axis of the relative orbit), and gets 



(36) 



P _ _3E 

P~~2E' 



(37) 



For binary pulsars, usually the “companion” star is not seen and the observa- 
tional input is the list of the arrival times of the successive pulses emitted by 
the pulsar, in short “the pulse data” [32]. Essentially, these data show a periodic 
variation due to the motion of the pulsar around the mass center of the binary 
system, but there is a slow drift in this variation, due to the decrease in the 
period P. If one wants to test a given theory of gravitation, then the “timing 
model” used to fit the pulse data should be consistently and entirely based on 
that theory. If we apply Eqs. (30) and (37) to a given binary pulsar, in taking 
all orbital parameters as they are obtained from a timing model based on GR 
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in harmonic coordinates, then we will obtain a period change of the same order 
of magnitude as that found with the timing model based on GR, but signifi- 
cantly different from it - because the energy rate (30) differs from that in GR 
(Eq. (33)), while keeping the same order of magnitude for a given orbit and a 
given K. In view of the foregoing sentence about the consistency of the timing 
model and the theory, this does not prove that the scalar theory is not able to 
accurately fit the pulse data (which is indeed the true test). It is worth to recall 
that, in contrast with this, most other alternative theories give a very different 
energy rate from that predicted by GR, usually they even predict the wrong sign 
[32, 34]. 

4 Conclusion 

A scalar bimetric theory with a preferred reference frame has been motivated 
and summarized. An asymptotic framework has been introduced for the “post- 
Minkowskian” (PM) approximation outside and inside the bodies as well, by con- 
sidering a family of initial- value problems for a perfect-fluid system; this seems 
to be new and could be useful in other theories. In particular, it has been shown 
that this PM scheme is more general than the corresponding post-Newtonian 
(PN) scheme and that, therefore, a simple and reasonable justification can be 
given for the procedure usually adopted in studies on gravitational radiation. 
That is, it is allowable to take the energy rate as given by the PM approxima- 
tion and to say that it represents (approximately) the rate of the Newtonian 
energy. Using that PM scheme, the 0PM approximation of the energy rate for 
an isolated system has been calculated for the investigated scalar theory. This 
is indeed an energy loss, and it contains no dipole term (and no monopole term 
either). Thus, the radiative energy loss has the same structure in this theory as 
in GR, it has also the same order of magnitude. This is usually not the case 
for alternative theories, even for those that look much closer to GR. The author 
feels it plausible that this simple scalar theory might be able to fit accurately 
the pulse data of binary pulsars. 

Note 

The founding papers of special relativity, by Lorentz, Poincare, Einstein, and 
Minkowski, can be found online on the web. Links may be found at 
http : //geo . hmg . inpg . f r/ arminj on/INTRO . html. 
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Abstract. In the spherically symmetric case the requirements of regularity of density 
and pressures and finiteness of the ADM mass m, together with the weak energy condi- 
tion, define the family of asymptotically flat globally regular solutions to the Einstein 
minimally coupled equations which includes the class of metrics asymptotically de Sit- 
ter as r — 0. A source term connects smoothly de Sitter vacuum in the origin with the 
Minkowski vacuum at infinity and corresponds to anisotropic vacuum defined macros- 
copically by the algebraic structure of its stress-energy tensor which is invariant under 
boosts in the radial direction. Dependently on parameters, geometry describes vacuum 
nonsingular black holes, and self-gravitating particle-like structures whose ADM mass 
is related to both de Sitter vacuum trapped in the origin and smooth breaking of 
space-time symmetry. The geometry with the regular de Sitter center has been applied 
to estimate geometrical limits on sizes of fundamental particles, and to evaluate the 
gravito-electroweak unification scale from the measured mass-squared differences for 
neutrino. 



1 The Einstein Cosmological Term 

Which arrow does fly forever? 

An arrow which hits the goal. 

Vladimir Nabokov 

In 1917 Einstein introduced a cosmological term into his equations describing 
gravity as space-time geometry (G-field) generated by matter 

= -SttGT^. ( 1 ) 

to make them consistent with Mach’s principle, one of his basic motivations [1] , 
which reads: some matter has the property of inertia only because there exists 
also some other matter in the Universe [2]. When Einstein found that Minkowski 
geometry is the regular solution to (1) without source term 

= 0 ( 2 ) 

perfectly describing inertial motion in the absence of a matter, he modified 
his equations by adding the cosmological term Agjj^jy in the hope that modified 
equations 

G/J,iy + 



( 3 ) 
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will have reasonable regular solutions only when mattaer is present (if matter is 
the source of inertia, then in case of its absence there should not be any inertia 
[3]). The by-product of this hypothesis was the static Einstein cosmology in 
which the task of A was to make a universe static. 

The story of abandoning A by Einstein is typically told as dominated by 
successes of FRW cosmology confirmed by Hubble’s discovery of the Universe 
expansion. In reality the first reason was de Sitter solution: soon after introducing 
Ag^iy^ in the same year 1917, de Sitter found quite reasonable solution to the 
equation (3) with = 0, 

+ Ag^jy = 0 (4) 

which made evident that a matter is not necessary to produce the property of 
inertia [4]. 

In de Sitter geometry [5] 

ds^ = (i - dt^ - 

A must be constant by virtue of the contracted Bianchi identities 

=0 — )► A = const (6) 

It plays the role of a universal repulsion whose physical sense remained obscure 
during several decades when de Sitter geometry has been mainly used as a simple 
testing ground for developing the quantum field technics in a curved space-time. 

In 1965 two papers shed some light on the physical nature of the de Sitter 
geometry. In the first Sakharov suggested that gravitational effects can dominate 
an equation of state at superhigh densities and that one of possible equations of 
state for superdense matter is [6] 



p= -p (7) 

which formally corresponds to equation of state for Ag^^^ shifted to the right- 
hand side of the Einstein equation (4) as some stress-energy tensor 

G^u = —Agfj^jy = —STrGTjj^jy ( 8 ) 

The physical sense of this operation has been clarified in the second paper by di- 
ner who identified Ag^^^ on the basis of the Petrov classification [7] , as correspon- 
ding to a stress-energy tensor for a vacuum defined by the algebraic structure of 
its stress-energy tensor [8] 

Tfj,u = Pvac9fjLu] Pvac = {^ttG)~^ A = const (9) 

In quantum field theory a vacuum state which behaves like an effective cosmo- 
logical term 



^ Pvac ^ QfJbi/ 



( 10 ) 
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was first found by De Witt [9] (for review [10, 4]). 

Properties of de Sitter geometry ultimately advanced A to provide the generic 
reason for the Universe expansion producing a huge growth of the scale factor 
[11] sufficient to explain various puzzles of the standard big bang cosmology (for 
review [12]). 

The triumphs of the inflationary paradigm somehow left in shadow the pri- 
mary sense of Einstein’s message of introducing A as a. quantity which can have 
something in common with inertia. 

The question of possible connection between A and inertia, touches the other 
Einstein’s profound proposal - to describe an elementary particle by regular 
solution of nonlinear field equations as ’’bunched field” located in the confined 
region where field tension and energy are particularly high [13]. 

The possible way to such a structure of gravitational origin whose mass is 
related to A and whose regularity is related to this fact, can be found in the 
Einstein field equations (1) and in the Petrov classification for On this way 
one possible answer comes from model-independent analysis of the minimally 
coupled spherically symmetric Einstein equations if certain general requirements 
are satisfied [14, 15, 16]: 

(a) regularity of density p(r), 

(b) finiteness of the ADM mass m and 

(cl) dominant energy condition for either 

(c2) weak energy condition for and regularity of pressures. 

Cases (cl)-(c2) differ by behavior of the curvature scalar R, which in the first 
case is non- negative [16]. 

Conditions (a)-(c) lead to the existence of globally regular geometry asym- 
ptotically de Sitter as r — > 0, called de Sitter-Schwarzschild geometry in case 
of Minkowski asymptotic at infinity [17, 18, 19] (for review [20]). We applied 
this geometry to estimate geometrical limits on sizes of fundamental particles in 
testing to which extent they can be treated as point-like [21], and to study space- 
time origin of a mass-squared difference and evaluate the gravity-electroweak 
unification scale from the mass squared differences for neutrino [22, 23]. 

This talk is organized as follows. In Section II we present conditions leading 
to the existence of geometry with the regular de Sitter center. In Section III 
we outline the structure of a source term for this geometry and in Section IV 
geometry itself. Sections V and VI are devoted to tests: estimates of limits on 
geometrical sizes of leptons and extraction of the gravito-electroweak scale from 
the data on mass squared differences for neutrino. 



2 Regular De Sitter Center 

We start from the Einstein field equation (1) without cosmological term. 

The standard form for a static spherically symmetric line element reads [24] 

ds^ = - r'^d^^ ( 11 ) 
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where dO? is the metric on a unit 2-sphere. The metric functions satisfy the 
Einstein equations 

SttGT* = S^Gp{r) = - ^2) + ^ 

SttGT; = -SnGprir) = -e~'' ^ 

SttGT^ = SttGT^ = -SnGpxir) = 

p" p'^ {p'-u') p'v'\ 

2 4 2r A ) 

Here p{r) = T/ is the energy density (we adopted c = 1 for simplicity), Pr(^) = 
— is the radial pressure, and p±(r) = —Tq = —T^ is the tangential pressure 
for anisotropic perfect fluid [24]. The prime denotes differentiation with respect 
to r. Integration of Eq.(12.1) gives 

_ 2 _ 2GM(r) ^ _ 4 ^ / p(x)x^dx (13) 

^ Jo 

whose asymptotic for large r is e~^ = 1 — 2Gmlr, with the mass parameter m 
given by 

POO 

m = 47 t / p{r)r^dr (14) 

Jo 

The dominant energy condition > |T“^| for each a.h = 1,2,3, which holds 
if and only if [25] 




( 12 . 1 ) 

( 12 . 2 ) 

(12.3) 



P > 0; -p<Pk<P\ /c = l,2,3 



(15) 



implies that the local energy density is non-negative for any observer in his local 
frame, and each principal pressure never exceeds the energy density. In the limit 
r ^ oc the condition of flniteness of the mass (14) requires density profile p(r) 
to vanish at infinity quicker than r“^, and then, in the case (cl) the dominant 
energy condition (15) requires both radial and tangential pressures to vanish as 
r ^ oo. Then p! = {) and p =const at infinity. Rescaling the time coordinate 
allows one to put the standard boundary condition // — )► 0 as r ^ oo [26] which 
leads to asymptotic flatness needed to identify (14) as the ADM mass [26]. In 
the case (c2) we postulate regularity of pressures including vanishing of Pr at 
infinity sufficient to get p' = 0 needed for asymptotic flatness. 

From Eqs.(12) hydrodynamic equations follow [27, 28, 14] 



P± 



'■ Pr + -p'r. + {p + Pr) 



GM{r) + AirGr^Pr 
2(r - 2GM{r)) 



(16) 



1 e 
SttG r 



Pr + p = 






(17) 
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which define, by imposing requirements (a)-(c), asymptotic behavior of a mass 
function M(r) at approaching the regular center: 

47T q 

r 0 (18) 

o 

Eq.(17) leads to z/' + yu' = 0 and u + fi = /i(0) at r = 0 with ^(0) playing the 
role of the family parameter [14]. 

The weak energy condition, > 0 for any time-like vector which 

means non-negative density for each observer on a time-like curve, is contained 
in the dominant energy condition and satisfied if and only if 



p > 0; p -h Pfc > 0, A: = 1, 2, 3 



(19) 



By Eq.(17) it demands fi' > 0 everywhere [14]. A function /x(r) -f u{r) is 
growing from jn u = /n{0) at r = 0 to /i -h = 0 at r ^ oo, which leads to 
p(0) < 0 [14]. 1 

The range of family parameter /i(0) includes the value fx{0) = 0. In this 
case the function iy(r) + yu(r) is zero at r = 0 and at r oo, its derivative is 
non-negative, hence z/(r) = — p(^) everywhere [14], and the metric is 



with 



g{r) = 1 



ds^ = g{r)dt^ 



2GM{r) _ 



dr^ 

9{r) 






M{r) = I p{x)x^dx 

Jo 



The metric (20) has Schwarzschild asymptotic as r — cxd 

dr^ 



ds^= {1-^ 
r 



1 - ^ 



Vg = 2Gm 



( 20 ) 

( 21 ) 

( 22 ) 



The weak energy condition defines also equation of state and thus asymptotic 
behavior as r — 0 [14]: In the limit r — )► 0 the equation of state becomes p = — p, 
which gives de Sitter asymptotic as r ^ 0 



Tf,u = PogiJ.u; ds'^ = (l - '-^r2)dt^ 



dr‘^ 



l-fr2 






(23) 



with a cosmological constant 



where po = p{r — > 0). 



A = 87rGpo 



(24) 



The well known example of solution from this family is boson stars [29] (for review 
[30]). 



1 
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We see that A has appeared at the origin although it was not present in the 
basic equations. 

The weak energy condition p± ~h p > 0 demands monotonic decreasing of a 
density profile. The simple analysis similar to previous shows that the metric 
(20)-(21) has not more than two horizons [14]. 

Summary 

Requirements (a)-(c) imposed on the Einstein equations without cosmological 
term lead to the existence of the class of metrics asymptotically de Sitter as r ^ 0 
and asymptotically Schwarzschild as r — cxd, with monotonically decreasing 
density profile, p' < 0, with the metric function which smoothly evolves between 




g{r) 



2Gm 

r 



and which has not more than two horizons. 



3 Structure of a Source Term 

For the class of metrics (20) a source term has the algebraic structure [17] 

T/ = r;; = T* (25) 

and the equation of state 

T 

Pr = -p; P± = -p- ^p' (26) 

In the Petrov classification scheme [7] stress-energy tensors are classified on 
the basis of their algebraic structure. When the elementary divisors of the ma- 
trix — Xp/iu are real, the eigenvectors of are non-isotropic and form 
a co-moving reference frame with a time-like vector representing a velocity. A 
co-moving reference frame is thus defined uniquely if and only if none of the 
space-like eigenvalues (a = 1, 2, 3) coincides with the time-like eigenvalue Aq. 
Otherwise there exists an infinite set of co-moving reference frames, which makes 
impossible to define a velocity in principle. This classification provides general 
macroscopic definition of a vacuum by symmetry of its stress-energy tensor. 

The stress-energy tensor (9) corresponding to the Einstein cosmological term 
has the structure [(IIII)] in the Petrov classification (all eigenvalues equal), and 
is identified as a vacuum tensor due to the absence of a preferred co-moving 
reference frame [8]. 

A stress-energy tensor (25) with the structure [(II) (II)], has an infinite set 
of co-moving reference frames, since it is invariant under rotations in the (r, t) 
plane. Therefore an observer moving through a medium (25) cannot in principle 
measure the radial component of his velocity. The stress-energy tensor with the 
algebraic structure (25) is identified thus as describing a spherically symmetric 
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anisotropic vacuum with variable density and pressures, invariant under 

boosts in the radial direction [17]. 

Any source terms for the class of metrics (20) evolves smoothly and mono- 
tonically from de Sitter vacuum in the center to Minkowski vacuum at infinity 

de Sitter A5^ 87rGT/f -> 0 Minkowski 

ADM mass m responsible for geometry and identified as a gravitational mass 
by asymptotic behavior of the metric at infinity, is equal, by the equivalence 
principle, to inertial mass which is thus related to both de Sitter vacuum trapped 
inside an object, A = SttGpq? ^nd to reducing of symmetry of a source term (25) 
from the full Lorentz group in the origin to the radial boosts only. Symmetry of 
space- time generated by such a source, is 

r 0 de Sitter group r oo Poincare group 



This approach can be extended to the case of de Sitter asymptotic at infinity, 
with A < A. A density component of a source term is taken as Tq = p(r) -h 
(87 tG)“^A, and the metric function g{r) in (20) is then given by [31] 

^ ^ 2GM{r) Ar2 

This metric is asymptotically de Sitter at both origin and infinity and has not 
more than three horizons for the case of two Lambda scales [32] . A source term 
evolves smoothly and monotonically between two de Sitter vacua with different 
values of cosmological constant. 

(A -j- A)^^ — y SttGT^ — y 

De Sitter vacuum de Sitter vacuum 



This makes it possible to interpret with the algebraic structure (25) 

and such asymptotic behavior as corresponding to extension of the algebraic 
structure of the cosmological term from Ag^j^, with A^const, to an r— dependent 
cosmological term 

(28) 

evolving monotonically from A^^^^ = Ag^jy at r = 0 to A^i^ = Xg^v as r — > cxd [19]. 

The advantage of such an extension is that a scalar A describing vacuum 
energy density as pyac = SttGA with pyac =const by virtue of the contracted 
Bianchi identities, becomes explicite related to the appropriate component, Aq, 
of an appropriate stress-energy tensor, whose vacuum properties follow from 
its symmetry, and whose variability follows just from the contracted Bianchi 
identities which give A^.^ = 0. 

Shifting vacuum tensor SttGTI^ to the left hand side of Einstein equation (1) 
we obtain 

Gj; + Aj; = 0 (29) 
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In geometry a mass m is directly connected to cosmological term A/j^jy by the 
ADM formula (14) which in this case reads 

poo 

m = [2G)~^ / {A\{r) — X)r^dr (30) 

Jo 

where A is the asymptotic value of A\ at infinity. 

Let us note that this observation does not depend on identification of a va- 
cuum tensor of the algebraic structure (25) as associated with a variable cosmo- 
logical term (28). Any stress-energy tensor from the considered class generates 
space- time invariant under de Sitter group in the limit r — > 0. And for any metric 
from this class the standard formula (14) relates the ADM mass m to both de 
Sitter vacuum trapped in the origin and breaking of space-time symmetry [14] . 



4 De Sitter-Schwarzschild Geometry 

Here we discuss de Sitter-Schwarzschild geometry (21) with Minkowsi asymptotic 
at infinity. 

The key point of de Sitter-Schwarzschild geometry is the existence of two 
horizons, a black hole event horizon and an internal horizon r_. A critical 
value of a mass exists, merits at which the horizons come together and which puts 
a lower limit on a black hole mass [18]. De Sitter-Schwarzschild configurations 
are shown in Fig.l. 

For the case of the density profile [17] 

p{r) = rl = Z/A\ Vg = 2Gm (31) 

modelling semiclassically [33] vacuum polarization in the spherically symmetric 
gravitational field [18] 

merit ^ 0.3mpl^/ppl/po (32) 

For m > merit de Sitter-Schwarzschild geometry describes the vacuum nonsingu- 
lar black hole [17], whose future and past singularities are replaced with regular 
cores asymptotically de Sitter as r 0. 

It emits Hawking radiation from both black hole and cosmological horizon 
with the Gibbons-Hawking temperature T = /i/^(27rA;c)“"^[34] where is the 
surface gravity. The form of the temperature-mass diagram is generic for de 
Sitter-Schwarzschild geometry. The temperature on the BH horizon drops to 
zero as m ^ 'merits while the Schwarzschild asymptotic requires T+ ^ 0 as 
m ^ oo. As a result the temperature-mass curve has a maximum between 
merit and m oo^ where a specific heat is broken and changes sign testifying 
to a second-order phase transition in the course of Hawking evaporation and 
suggesting restoration of space-time symmetry to the de Sitter group in the 
origin [35]. 
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Fig. 1. De Sitter- Schwarzschild configurations. Mass parameter is normalized to merit- 



For masses m < merit de Sitter-Schwarzschild geometry describes a self- 
gravitating particle-like vacuum structure without horizons, globally regular and 
globally neutral. It is plotted in Fig. 2 for the density profile (31). 

It resembles Coleman’s lumps - non-singular, non-dissipative solutions of fi- 
nite energy, holding themselves together by their own self-interaction [36]. G- 
lump is the regular solution to the Einstein equations, perfectly localized (see 
Fig. 2) in a region where field tension and energy are particularly high (this 
is the region of the former singularity). It holds itself together by gravity due 
to balance between gravitational attraction outside and gravitational repulsion 
inside of zero-gravity surface r = Vc beyond which the strong energy condition of 
singularities theorems [25], (T^iy — Tg^jy/2)^^^^^) > 0, is violated [18]. The surface 
of zero gravity is depicted in Fig. 3 together with horizons and with the surface 
r = Vs oi zero scalar curvature R{rs) = 0 which represents the characteristic 
curvature size in the de Sitter-Schwarzschild geometry in the case (c2). 

For the density profile (31) the characteristic size is given by [18] 





(33) 



The mass of G-lump is directly connected to a de Sitter vacuum trapped in 
its center and to breaking of space-time symmetry from the de Sitter group in 
the origin to the Poincare group at infinity. 



494 Irina Dymnikova 




Fig. 2. G-lump in the case Vg = O.lro (m ~ O.OGmcrit). 



This picture conforms with the basic idea of the Higgs mechanism for gene- 
ration of mass via spontaneous breaking of symmetry of a scalar field vacuum 
from a false vacuum to a true vacuum state. In both cases de Sitter vacuum is 
involved and vacuum symmetry is broken. 

The difference is that the gravitational potential g{r) (shown in Fig. 4) is 
generic, and the de Sitter vacuum supplies a particle with mass via smooth 
breaking of space-time symmetry. 

Summary 

In de Sitter- Schwarzschild geometry de Sitter vacuum is involved generically 
in mass generation via smooth breaking of space-time symmetry from de Sitter 
group in the origin to the Poincare group at infinity. 



5 Test 1: Limits on Sizes of Fundamental Particles 

To test de Sitter- Schwarzschild geometry we estimate geometrical limits on sizes 
of fundamental particles by characteristic geometrical size given by curvature 
radius Vg (see Fig. 3). This implies rather natural assumption that whichever 
would be particular mechanism involving de Sitter vacuum in mass generation, 
a fundamental particle may have an internal vacuum core related to its mass 
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Fig. 3. Horizons of ylBH, surfaces r = Vs and r = Vc. 



and a geometrical size defined by gravity. Geometrical size of an object with 
the de Sitter vacuum in the origin at the background of the Minkowski vacuum 
at infinity, can be approximated by de Sitter- Schwarzschild geometry. Charac- 
teristic size in this geometry depends on vacuum density at r = 0 and actually 
presents a modification of the Schwarzschild radius Vg to the case when singu- 
larity is replaced with the de Sitter vacuum. The resulting difference in sizes 
is quite impressive: for elementary particles the Schwarzschild radius give sizes 
which are many orders of magnitude less than /pf, the characteristic de Sitter- 
Schwarzschild radius gives sizes close to the experimental upper limits (e.g., 
Ts ~ 10”^^ cm for the electron getting its mass from the vacuum at the el- 
ectroweak scale). In Fig. 5 [21] geometrical sizes plotted by dark triangles, 
are compared with electromagnetic (EM) and electroweak (EW) experimental 
limits. 

In Fig. 5 we show by stars quantum limits given by Compton wave length, by 
white triangles electromagnetic experimental upper limits coming mainly from 

reaction e“^e~ 77 ( 7 ) [37], by shaded squares experimental electro- weak 

limits [38], by dark triangles geometrical limits on sizes calculated from Eq.(33) 
with po of fho electro- weak scale 246 GeV, and by dark squares the most stringent 
lower limits on sizes of particles as extended objects. This last limit is calculated 
by taking into account that in the case when de Sitter vacuum is involved in 
mass generation, quantum region of a particle localization Ac must fit within a 
causally connected region confined by the de Sitter horizon tq. The scale vq is 
characteristic de Sitter radius related to density po by 
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Fig. 4. The gravitational potential g{r) for the case of G-lump with the mass a little 
bit less than merit- 



2 

^ SttGpo 



(34) 



The requirement Ac < ro gives the limiting scale for a vacuum density po related 
to a given mass m 

3 f m 

This condition connects a mass of a quantum object m with the scale for vacuum 
density po which this mass could be generated in principle provided that a 
mechanism of generation involves de Sitter vacuum. 

In Fig. 3 and Fig. 5 theoretical estimates are calculated with using the density 
profile (31), but the results would not change drastically for different profiles, 
since a characteristic length scale in any spherical geometry involving de Sitter 
center, is ~ [39]. 

Let us compare characteristic sizes for an electron, its Compton wavelength, 
classical and Schwarzschild radius 



Ac ~ 3.9 X 10 cm; Vdass — 2.8 x 10 cm; 
Tg ~ 10“^'^ cm 
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Fig. 5. Characteristic sizes for leptons [21]. 



with lower limits on geometrical sizes for the case when de Sitter vacuum is 
involved on the electro- weak scale, on gravito-electroweak scale of order of several 
TeV (see next Section) and at the most stringent scale (35) 

Tew — 1-5 X 10“^^ cm; vgew — 2 x 10“^^ cm; 

nowest ^ 5 X 10“^® cm 

We see that numbers given by de Sitter-Schwarzschild geometry are much bigger 
that the Planck scale Ipi ^ cm, which justifies application of classical 

General Relativity for estimation of geometrical sizes of quantum particles. 



6 Test 2: Space- Time Symmetry 
as Origin of Mass-Square Difference 

In this Section we outline the papers [22, 23]. 

If in the interaction region where particles are created, the interaction vertex 
is gravito-electroweak, gravity is involved essentially, so geometry around the 
vertex is not Minkowski any more, and mass is not Casimir invariant of the 
Poincare group. If density in the vertex is limited, mass of a particle is finite and 
some of conditions (c) holds, i.e. energy density is non-negative, then geometry 
around the vertex can be de Sitter. If a false vacuum is somehow involved (for 
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example via Higgs meehanism), then geometry in the interaction region is de 
Sitter. 

If de Sitter group is ;the space-time symmetry group induced around the 
gravito-electroweak vertex^ then particles participating in the vertex are descri- 
bed by the eigenstates of Oasimir operators of the de Sitter group. Their further 
evolution in Minkowski background requires further symmetry change. We sug- 
gest that the ’’flavor” can emerge due to change in symmetry of space-time 
between interaction region and propagation region, in particular from de Sitter 
group around the vertex to the Poincare group outside [22]. This point needs 
further detailed analysis which is in progress now. 

What we can do immediately is to calculate an eigenstate of the first Casimir 
invariant of the de Sitter group which relates a mass with the vacuum density 
po at the scale of unification. 

It reads [40] 

7i = ^ (36) 



with 



n,= 




\ 

) 



2rf 



' fJLU 



(37) 



In the interaction region (to be confirmed below), and the operator 

7i is approximated by 



7i 



P^P'^ - ^ 
^0 



(J2- bfK^) 



(38) 



where (details in [22]) Jtj = -Jji = CijkJk and Jm = - Joi = -77*, with each of 
the i,j,k taking the values 1,2,3. The J are then generators of Lorentz rotation 
and K are generators of Lorentz boosts. 

This gives 

(38) 

Its eigenvalues (degenerated) are: 



7[ 









(39) 



where is the eigenvalue of the first Casimir invariant for the Poincare group. 

We see that in the de Sitter geometry the mass eigenvalues depend on the 
vacuum density po responsible for geometry. This allows for negative mass-square 
for sub-eV particles if gravito-electroweak unification occurs at TeV scales [23]. 
This also might offer a natural explanation for anomalous results known as 
’’negative mass squared problem” for z/g [41]. 

De Sitter symmetry in the gravito-electroweak vertex gives the characteristic 
mass-square scale 
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Arn^ 



2c^Tq 



Connecting vq with the unification scale Munif through pojppi 
we get 



^unif ^ 



1 

47T 



/ Aw?\ 

\Wi) 



•|l/4 

Mpi 



(40) 

{MuniflMpl)\ 

(41) 



which allows us to read off a unification scale from the neutrino mass-square 
data [22]. 

The atmospheric neutrino data [42] 



= 2.5 X 



give for the unification scale 



TeV (42) 

and mass-squared difference from solar neutrino data [42] 

Sm%oL = 6.9 X 10"^eF^ 



gives 

Munif TeV (43) 

These correspond, respectively, to ro ~ 4 x 10“^ cm, and ro ^ 2 x 10“^ cm. 
This justifies accuracy of calculations: for a particle with mass < m >u^— 0-39 
eV, characteristic curvature size is ~ 10“^^ cm and the Compton wavelength 
Ac 10 ^ cm (for curiosity, the Schwarzschild radius is Vg ~ 10 cm). 



7 Discussion 

The main point outlined here is the existence of the class of globally regular 
solutions to the minimally coupled GR equations with a source term of the 
algebraic structure (25) interpreted as spherically symmetric anisotropic vacuum 
with variable density and pressures associated with a time- dependent and 
spatially inhomogeneous cosmological term whose asymptotic 

behavior in the origin, dictated by the weak energy condition, is the Einstein 
cosmological term 

De Sitter- Schwarzschild geometry describes generic properties of any confi- 
guration satisfying (25) and requirements (a)-(c), obligatory for any particular 
model in the same sense as de Sitter geometry is obligatory for any matter source 
satisfying (9). 

In de Sitter-Schwarzschild geometry space-time symmetry changes smoothly 
from de Sitter group at the center to the Poincare group at infinity, and the 
standard formula for the ADM mass m relates it (generically, since a matter 
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source can be any from considered class) to both de Sitter vacuum trapped 
inside an object and breaking of space-time symmetry. 

Applying this geometry to estimating geometrical limits on lepton sizes, we 
do not model a lepton by G-lump, but only use de Sitter- Schwarzschild geometry 
as a proper instrument to evaluate the geometrical size of an object whose mass 
has something in common with the de Sitter vacuum in the origin and Minkowski 
vacuum at infinity. 

Application of classical geometry to estimation of sizes of quantum particles 
is justified by that estimates give numbers which are very orders of magnitude 
above the Planck scale so that the manifold is perfectly smooth and quantization 
of gravity is not relevant. 

For leptons this is rather rough estimate since more precise geometry is nee- 
ded which takes into account charge and rotation. We are working on such a 
geometry. 

Applying geometry with the regular de Sitter center to the problem of neu- 
trino mass-square difference we do not apply it literally. The question we address 
is what is the space-time symmetry group around a gravito-electroweak vertex. 
In answering this question we base on a view of a vertex as gravito-electroweak, 
so that gravity is involved essentially and geometry cannot be Minkowski any 
more. With de Sitter symmetry group in the interaction region, neutrinos are 
described by eigenstates of the Casimir operators in de Sitter geometry. We find 
a relation between mass-squared differences for neutrinos and the unification 
scale for gravity- elect roweak vertex, which predicts a TeV scale for unification. 

It is clear that the idea of de Sitter group in the interaction region is applica- 
ble to particles besides neutrinos [22]. Actually it is simple and general enough 
to be applicable to ah particles that participate in interactions where de Sitter 
vacuum is involved. 
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Abstract. We present a Master equation for description of fermions and bosons for 
special relativities with two invariant scales, SR2, (c and Ap). We introduce canonically- 
conjugate variables (x^,x) fo (e,7r) of Judes-Visser. Together, they bring in a formal 
element of linearity and locality in an otherwise non-linear and non-local theory. Spe- 
cial relativities with two invariant scales provide all corrections, say, to the standard 
model of the high energy physics, in terms of one fundamental constant, Ap. It is 
emphasized that spacetime of special relativities with two invariant scales carries an 
intrinsic quantum-gravitational character. 



1 Introduction 



There is a growing theoretical evidence that gravitational and quantum frame- 
works carry some elements of incompatibilities. The question is how deep are 
the indicated changes, and what precise form they may take. One hint comes 
from the observation that incorporating gravitational effects in quantum measu- 
rement of spacetime events leads to a Planck-scale saturation. In the framework 
of Kempf, Mangano, Mann, and the present author [1, 2], the gravitationally- 
induced modification to the de Broglie (dB) wave-particle duality takes the 
form [2] 



^dB 



h 

P 



grav. 



x = 



Ap 

tan“^(Ap/Adp) 



( 1 ) 



where Ap is the Planck circumference {= 27rAp), with Xp = as the 

Planck length. The A reduces to A^p for the low energy regime, and saturates 
to 4Ap in the Planck realm. In this way the Planck scale is not merely a dimen- 
sional parameter but has been brought in relation to a universal saturation of 
gravitationally-modified de Broglie wavelengths. 

This is a very welcome situation for theories of quantum gravity where for 
a long time a paradoxical situation had existed [3, 4]. Each inertial observer 
could measure in his frame the fundamental universal constants, h, c, G, and 
obtain from them a universal fundamental constant, Ap. And yet this very Ap 
- being a length scale - is subject to special-relativistic length contraction 
which paradoxically makes it loose its universal character. 
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The indicated saturation then not only resolves this paradoxical situation but 
also suggests that special relativity must suffer a modification. This modification 
must be endowed with the property that it carries two invariant scales; one the 
usual c, and the second Ap. 

Amelino-Camelia, followed by Magueijo and Smolin, and Judes and Visser 
[5, 3, 6], have provided first steps towards development of a special relativity with 
two invariant scales (SR2); while Lukierski, Nowicki, and Kowalski- Glikman [7, 4] 
have brought to attention the underlying quantum/Hopf-group structure [8] of 
such theories.^ The necessity for a SR2 as argued in Refs. [3, 4] is similar to ours, 
while motivation of Ref. [5] is contained in certain anomalies in astrophysical 
data [9, 10, 11, 12, 13]. Simplest of SR2 theories result from keeping the algebra 
of boost- and rotation- generators intact while modifying the boost parameter 
in a non-linear manner. Specifically, in the SR2 of Amelino-Camelia the boost 
parameter, changes from the special relativistic form 



cosh = 



E 
m ’ 



sinh (f = — , 
m 




to a new structure [14, 6] 



cosh^ = — 



sinh^ = — 



\ Ap cosh (Ap m/2) ) 

/ \ P 

\ cosh (Ap m/2)/ ’ p’ 



( 2 ) 

( 3 ) 

( 4 ) 



while for the SR2 of Magueijo and Smolin the change takes the form [6, 3] 



cosh^ = - (- 

/i \i — Ap 

sinh^ = - ( ^ ) 




( 5 ) 

( 6 ) 



Here, // is a Casimir invariant of SR2 (see Eq. (24) below) and is given by 



= 



^sinh(A^) 

m 

1 — Xpm 



for Ref. [5]’s SR2 
for Ref. [3]’s SR2 



( 7 ) 



^ Instead of the term “doubly special relativity” coined in the work of Amelino- 
Camelia [5], we prefer to use the phrase “special relativity with two invariant scales.” 
Without in any way questioning physics content of Amelino-Camelia’s proposal, we 
take this non-semantic issue for the following reason. The special of “special re- 
lativity” refers to the circumstance that one restricts to a special class of inertial 
observers which move with a relative uniform velocity. The general of “general re- 
lativity” lifts this restrictions. The “special” of special relativity has nothing to do 
with one versus two invariants scales. It rather refers to the special class of inertial 
observers; a circumstance that remains unchanged in special relativity with two in- 
variant scales. The theory of general relativity with two invariant scales would thus 
not be called “doubly general relativity.” 
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The notation is that of Ref. [6]; with the minor exceptions: A, /xq? there are 
Ap, /i, m here. In what follows we shall generically represent boost parameter 
associated with special relativities with one, or two, invariant scales by The 
former relativity shall be abbreviated as SRI (to distinguish it from SR2).^ Note 
that giving the explicit expressions for both the sinh^ and cosh^ in Eqs. (3,4) is 
necessary in order to fix the form of the energy-momentum dispersion relation 
through the identity: cosh^ — sinh^ ^ = 1. Of course, one may have chosen to 
work in terms of one of the hyperbolic trigonometric functions and the dispersion 
relation, instead. 

At this early stage it is not clear if there is a unique SR2, or, if the final choice 
will be eventually settled by observational data, or by some yet-unknown physical 
principle. Given this ambiguity, this Contribution addresses itself to presenting 
a Master equations for fermionic and bosonic representations for generic SR2. 

Master equation for spin-1/2: Dirac case . — Since the underlying spacetime 
symmetry generators remain unchanged much of the formal apparatus of the 
finite dimensional representation spaces associated with the Lorentz group re- 
mains intact. In particular, there still exist (1/2, 0) and (0, 1/2) spinors. But now 
they transform from the rest frame, to an inertial frame in which the particle 
has momentum, p as: 



</>(i/2,0) (p) = exp (p(i/ 2 , 0 ) (0) 


(8) 


0(0, 1/2) (p) = exp (-^ • ^) 0(1/2, 0) (0) . 


(9) 



Since in this Contribution we do not undertake a study of the behavior of these 
spinors under the parity operation, or examine the massless limit in detail, we do 
not identify the (0, 1/2) spinors as left-handed and the (1/2, 0) spinors as right- 
handed. Since the null momentum vector 0 is still isotropic, one may assume 
that (see p. 44 of Ref. [15] and Refs. [16, 17]): 



4 >{ 0 , 1 / 2 ) (0) = C</>(l/2,0) (0) , (10) 

where ( is an undetermined phase factor. The analysis presented in Ref. [18] also 
convinces us that the validity of the identity (10) is independent of the “right- 
left” identification of the standard argument [15, 16, 17]. In general, the phase ^ 
encodes C, P, and T properties. The interplay of Eqs. (8-9) and (10) yields the 
Master equation for the (1/2, 0) 0 (0, 1/2) spinors. 



^(p) = 



( <P{l/2,0) (P)^ 
V</>{o,i/2) (p)y ’ 



( 11 ) 



to be 



{ -C exp (<T • 

\exp(-cr-^) 



^ (p) = 0 . 



^ In this notation the Galilean relativity is denoted by SRO. 



( 12 ) 
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This is one of the central results of this Contribution, 

As a check, taking ^ to be cp, and after some simple algebraic manipulations, 
the Master equation ( 12 ) reduces to: 



where stands for n x n identity matrix (and 0 ^ shall represent the correspon- 
ding null matrix) . With the given identification of the boost parameter we are in 
the realm of SRI. There, the operation of parity is well understood. Demanding 
parity covariance for Eq. (13), we obtain = ± 1 . Identifying 



with the Wey 1-representation 7 °, and 7 % respectively, Eq. (13) reduces to the 
Dirac equation of SRI 



The linearity of the Dirac equation in, = {E, — p), is now clearly seen to be 
associated with two observations: 

01. That, cr^ = I 2 ; and 

0 2 . That in SRI, the hyperbolic functions - see Eq. ( 2 ) - associated with the 
boost parameter are linear in 

In SR2, observation Oi still holds. But, as Eqs. (3 - 4) show, O 2 is strongly 
violated. For this reason the Master equation (12) cannot be cast in a manifestly 
covariant form with a finite number of contracted Lorentz indices of SR2 as long 
as we mark spacetime events by of SRI. 

The last inference is also a welcome result as it indicates a possible intrinsic 
non-locality in SR2s. Since in all SR2s the shortest spatial length scales that can 
be probed are bound from below by Ap, the naively-expected (x — x') in the 

anticommutators of the form (x, t) , i?t (x',t)| should be replaced by an 

highly, but not infinitely, peaked Gaussian-like functions with half-width of the 
order of Ap. 

The extension of the presented formalism for Majorana spinors is more subtle 
[19, 20, 21 , 22 ]. We hope to present it an extended version of this Contribution. 

Master equation for higher spins . — The above-outlined procedure applies 
to all, bosonic as well as fermionic, ( j, 0) 0 (0, j) representation spaces. It is not 
confined to j = 1 / 2 . A straightforward generalization of the j == 1/2 analysis 
immediately yields the Master equation for an arbitrary- spin, 




(13) 




(14) 



Tm)'i/j{p) = 0. 



(15) 




( 16 ) 



where 
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V'(p) = 



I" 4>{j,o) (p)\ 
V^(o,j)(p)y ‘ 



(17) 



Equation (16) contains the central result of the previous section as a special 
case. For studying the SRI limit it is convenient to bifurcate the (j, 0) 0 (0,j) 
space into two sectors by splitting the 2(2j + 1) phases, C, into two sets: {2j + 1) 
phases and the other (2j + 1) phases C-- Then, in particle’s rest frame the 
'0(p) may be written as: 



= 



Uh{0) when C = C+ 
u*(0) when C = C- 



(18) 



The explicit forms of u/i(0) and w?i(0) which we shall use (see Eq. (10)) are: 



Uh{0) = 



{ MO) 

Wmo) 




MO) 

C-Mo) 



)■ 



(19) 



where the 0/i(O) are defined as: J‘p(j)h{0) = /k/>/j( 0), and h — — j, — j + 1, . . . , 

In the parity covariant SRI limit, we find = +1 while C- = — 1- 

As a check, for j = 1, identification of ^ with (^, and after implementing 
parity covariance, yields 



T M) y»(p) = 0 . (20) 

The 7 ^^ are unitarily equivalent to those of Ref. [23], and thus we reproduce 
bosonic matter fields with {C, P} = 0. A carefully taken massless limit then 
shows that the resulting equation is consistent with the free Maxwell equations 
of electrodynamics. 

Since the j = 1/2 and j — 1 representation spaces of SR2 reduce to the Dirac 
and Maxwell descriptions, it is apparent, that the SR2 contains physics beyond 
the linear-group realizations of SRI. To the lowest order in Ap, Eq. (12) yields 

MPh + m + Si \p) ip{p) = 0 , (21) 

where 

and 

s = I 'y° ^ for Ref. [5]’s SR2 , 

\ {E - m) for Ref. [3]’s SR2, 

Similarly, the presented Master equation can be used to obtain SR2’s coun- 
terparts for Maxwell’s electrodynamic. Unlike the Coleman- Glashow framework 
[24], the principle of special relativity with two invariant scales provides all cor- 
rections, say, to the standard model of the high energy physics, in terms of one 
- and not forty six - fundamental constant, Ap. 
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Spin-1 /2 and Spin-1 description in Judes-Visser Variables . — We now 
take the tentative position, that the ordinary energy- momentum p^ is not 
the natural physical variable in SR2s. The Judes-Visser variables [6]: = 

(e{E^p), 7 t{E,p)) = appear more suited to describe physics sensitive 

to Planck scale. The e{E^p) and Tz{E^p) relate to the rapidity parameter ^ of 
SR2 in same functional form as do E and p to of SRI: 

cosh (^) = , sinh (C) = , (23) 

/i // 

where 

l? = [e{E,p)f - [■K{E,p)f . (24) 

They provide the most economical and physically transparent formalism for 
representation space theory in SR2. For j = 1/2 and j = 1, Eq. (16) yields the 
exact SR2 equations for '0(7 t): 

+ A) V' (tt) = 0 , (25) 

= 0 , (26) 

where 

A=(X'-<)'‘- 

Concluding Remarks . — Our task in this Contribution was to provide a 
description of fermions and bosons at the level of representation space theory in 
SR2. However, we confined entirely to the representations of the type (J, 0)0(0, j) 
- these types are important for matter fields, and to study gauge-field strength 
tensors. To study SR2’s effect on the gauge fields and weak-field gravity the 
present Contribution’s formalism needs to be extended to (J,j) representation 
spaces. In view of Weinberg’s earlier works [25] it is known that there is a deep 
connection between local quantum field theory, SRI (j,j) spaces [18], and the 
equality of the inertial and gravitational masses. Therefore, the suggested study 
must answer SR2’s effect on the equivalence principle. 

In quantum field theoretic framework, the special relativity’s spacetime 
is canonically conjugate to Pjj,, and appears in the field operators as: 




d^p m 
(27t)3 po 



r 

[afc(p)-u/»(p)e“*P^^' 



5^(p)t;^p)e*P-"" , 



(28) 



where the particle-antiparticle spinors, Uft(p) and n/i(p) (generically represented 
by '4’hiV'))-, are solutions of the Master equations (but with ^ y>) introduced 

above, and can be readily obtained from: 



^ft(p) = 



( exp(+J • ip) 02j+i 
V Oaj+i exp(-J • if) 



^ft(O) . 



(29) 
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Now, as our discussion on non- locality indicates of SRI is perhaps not the 
natural physical spacetime variable at the Planck scale. The spacetime at Planck 
scale, we suggest, is represented by new event vectors be treated as 

“canonically conjugate” to Judes-Visser variable 77 ^); and suggests the following 
definition for the field operators built upon the SR2’s spinors: 

^ix) = J +bh{v)vh{v)e"'’'‘^‘''^, (30) 

h= j 

with 

Immediately, we verify that for spin- 1/2 fermions in SR2 

{x, X°) , ix', X°) } = (x - x') 5ij . (32) 

What appears as non-locality in the space of events marked by now, in the 
space of events marked by exhibits itself as locality. This is a rather un- 
expected observation and it calls for a deeper understanding of the and 
description of SR2. The Planck length is intrinsically built in the latter space- 
time variables, and it may carry significant relevance for extending SR2 to the 
gravitational realm. 

The evolution of special relativity in the sequence^ 

SRO SRI ^ SR 2 (33) 

translates to giving spacetime, first, a relativistic and, then, a quantum- gravi- 
tational character. The work initiated here, and in Ref. [26], gives concrete shape 
to modifications that one may expect in the standard model of high-energy 
physics and theory of gravitation. 

Afterthoughts. — If all turns out as claimed in this Contribution penned 
sometime ago then SR 2 shall constitute a fundamentally new program for physics 
of the early universe. However, I have come to hold grave doubts - despite 
increasing popularity of this program - on physical indistinguishability of SR2’s 
from SRl’s. I have already expressed these reservations elsewhere [27] and a 
number of other authors have come to express similar concerns [28, 29]. I hope 
to provide a detailed critique on SR 2 as they are presently formulated, and to 
propose a new principle which makes SR2 physical theories with new content 
beyond SRI. As this stage SR2’s seem ad hoc without a concrete principle that 
makes them different from SRI. 



^ The symbols above the arrows indicate the invariants for the subsequent SRn. 
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New Perspectives in Testing the General 
Relativistic Lense— Thirring Effect 



Lorenzo lorio^ 

Dipartimento di Fisica dell’ Uni ver sit a di Bari, via Amendola 173, 70126, Bari, Italy 



Abstract. Testing the effects predicted by the General Theory of Relativity, in its 
linearized weak field and slow motion approximation, in the Solar System is difficult 
because they are very small. Among them the post-Newtonian gravitomagnetic Lense- 
Thirring effect, or dragging of the inertial frames, on the orbital motion of a test particle 
is very interesting and, up to now, there is not yet an undisputable experimental direct 
test of it. Here we illustrate how it could be possible to measure it with an accuracy 
of the order of 1%, together with other tests of Special Relativity and post-Newtonian 
gravity, with a joint space based OPTIS/LARES mission in the gravitational field of 
Earth. Up to now, the data analysis of the orbits of the existing geodetic LAGEOS 
and LAGEOS II satellites has yielded a test of the Lense-Thirring effect with a claimed 
accuracy of 20%-30%. 



1 Introduction 

The linearized weak-field and slow-motion approximation of the General Theory 
of Relativity (GTR) [1] is characterized by the condition where 

is the curved spacetime metric tensor, is the Minkowski metric tensor 
of the flat spacetime of Special Relativity and the are small corrections 
such that <C 1. Until now, many of its predictions, for the motion of light 

rays and test masses have been tested, in the Solar System, with a variety of 
techniques to an accuracy level of the order of 0.1% [2, 3]. It is not so for the 
gravitomagnetic^ Lense-Thirring effect due to its extreme smallness. It can be 
thought of as a consequence of a gravitational spin-spin coupling. 

If we consider the motion of a spinning particle in the gravitational field of 
a central body of mass M and proper angular momentum J, it turns out that 
the spin s of the orbiting particle undergoes a tiny precessional motion [4] . The 
most famous experiment devoted to the measurement, among other things, of 
such gravitomagnetic effect in the gravitational field of Earth is the Stanford 

^ In the weak field and slow motion approximation of GTR the equations of motion of 
a test particle freely falling in the gravitational field of a central spinning body are 
formally analogous to those governing the motion of an electrically charged particle 
in an electromagnetic field under the action of the velocity-dependent Lorentz force. 
In the gravitational case the role of the magnetic field is played by the so called 
gravitomagnetic field which is generated by the off-diagonal terms of the metric goi 
and whose source is the proper angular momentum J of the central body. 
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University GP— B mission [5] which should fly at the end of 2003, in spite of 
recent problems [6, 7]. 

If we consider the whole orbit of a test particle in its geodesic motion around 
M as a sort of giant gyroscope, its orbital angular momentum £ undergoes the 
Lense-Thirring precession, so that the longitude of the ascending node and 
the argument of pericentre uj of the orbit^ of the test particle [8] are affected by 
tiny secular precessions Clur-, [9? 1? 10]. 



1.1 The LAGEOS-LAGEOS II Lense-Thirring Experiment 

Up to now, the only attempts to detect the Lense-Thirring effect on the orbit of 
test particles in the gravitational field of Earth are due to Ciufolini and coworkers 
[11] who analysed the laser data of the existing geodetic passive SLR (Satellite 
Laser Ranging) satellites LAGEOS and LAGEOS II over time spans of some 
years. The observable is a suitable combination of the orbital residuals of the 
nodes of LAGEOS and LAGEOS II and the perigee of LAGEOS II according to 
an idea exposed in [12]. The relativistic signal is a linear trend with a slope of 
almost 60.2 milliarcseconds per year (mas yr“^ in the following). The standard, 
statistical error is evaluated as 2%. The claimed total accuracy, including various 
sources of systematical errors, is of the order of 20% — 30%. 

The main sources of systematical errors in this experiment are 

• the unavoidable aliasing effect due to the mismodelling in the classical secu- 
lar precessions induced on ^2 and lu by the even zonal coefficients Ji of the 
multipolar expansion^ of the terrestrial gravitational field [13] 

• the non-gravitational perturbations affecting especially the perigee of LA- 
GEOS II [14, 15]. Their impact on the proposed measurement is diflacult to 
be reliably assessed 

It turns out that the mismodelled classical precessions due to the first two even 
zonal harmonics of the geopotential J2 and J4 are the most insidious source 
of error for the Lense-Thirring measurement with LAGEOS and LAGEOS II. 
The combination of [12] is insensitive just to J2 and J4. According to the full 
covariance matrix of the EGM96 gravity model [16], the error due to the remai- 
ning uncancelled even zonal harmonics amounts to almost 13% [17]. However, if 
the correlations among the even zonal harmonic coefficients are neglected and 

^ The longitude of the ascending node II is an angle in the reference {x, y} plane, 
which usually coincides with the equatorial plane of the central body, counted from 
the reference x axis to the line of the nodes. The line of the nodes is given by the 
intersection between the orbital plane and the reference plane. The argument of the 
pericentre uj is an angle in the orbital plane counted from the line of the nodes to the 
pericentre of the orbit which is the point of closest approach of the orbiting particle 
to the central body. In the original paper by Lense and Thirring the longitude of 
the pericentre 1:17 = Q -h Cc; is used instead of cj. 

It accounts for the oblateness of Earth generated by its diurnal rotation. 
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the variance matrix is used"^, the error due to the even zonal harmonics of the 
geopotential amounts to 46.6% [17]. With this estimate the total error of the 
LAGEOS-LAGEOS II Lense-Thirring experiment would be of the order of 50%. 



1.2 The LARES Project 

The originally proposed LAGEOS III-LARES mission [19] consists of the launch 
of a LAGEOS-type satellite-the LARES-with the same orbit of LAGEOS except 
for the inclination^ i of its orbit, which should be supplementary to that of 
LAGEOS, and the eccentricity e, which should be one order of magnitude larger 
in order to perform other tests of post-Newtonian gravity [20, 21]. In Table I 
the orbital parameters of the existing and proposed LAGEOS-type satellites are 
quoted. 



Table 1. Orbital parameters of LAGEOS, LAGEOS II and LARES and their Lense- 
Thirring precessions. 



Orbital parameter 


LAGEOS 


LAGEOS II 


LARES 


a semi major axis (km) 


12270 


12163 


12270 


e eccentricity 


0.0045 


0.014 


0.04 


i inclination (deg) 


110 


52.65 


70 


(mas yr“^) 


31 


31.5 


31 


c5lt (mas yr“^) 


31.6 


-57 


-31.6 



The choice of the particular value of the inclination for LARES is motivated 
by the fact that in this way, by using as observable the sum of the nodes of 
LAGEOS and LARES, it should be possible to cancel out to a very high level 
all the contributions of the even zonal harmonics of the geopotential, which 
depends on cos 2 , and add up the Lense-Thirring precessions which, instead, are 
independent of i. The use of the nodes would allow to reduce greatly the impact 

Such approach is considered more realistic by some authors [18] because nothing 
assures that the correlations among the even zonal harmonics of the covariance 
matrix of the EGM96 model, which has been obtained during a multidecadal time 
span, would be the same during an arbitrary past or future time span of a few 
years as that used in the LAGEOS-LAGEOS II Lense-Thirring experiment or in 
the proposed LAGEOS-LARES mission. 

^ The inclination i is the angle between the orbital plane and the reference plane. It 
is counted from the reference plane so that equatorial orbits have 2 = 0 deg. The 
semi major axis a and the eccentricity e fix the size and the shape, respectively, of 
the orbit of the test particle. For closed orbits 0 < e < 1. Circular orbits have e = 0. 
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of the non-gravitational perturbations to which such Keplerian orbital elements 
are rather insensitive [14, 15]. 

Of course, it would not be possible to obtain practically two orbital planes 
exactly 180 deg apart due to the unavoidable orbital injection errors which can 
be considered of the order of 0.5-1 deg. In Figure 1, page 4314 of [22] and Figure 
1, page 1267 of [23] the impact of such source of error on the originally proposed 
LAGEOS-LARES mission has been shown. It could amount up to 4% for an 
injection error of 1 deg in the inclination of LARES. 

In [22] an alternative observable based on the combination of the residuals of 
the nodes of LAGEOS, LAGEOS II and LARES and the perigee of LAGEOS II 
and LARES has been proposed. It would allow to cancel out the first four even 
zonal harmonics so that the error due to the remaining even zonal harmonics of 
the geopotential would be rather insensitive both to the orbital injection errors 
in the LARES inclination and to the correlations among the even zonal harmonic 
coefficients. It would amount to 0.02%-0.1% only [22, 23]. 

In regard to the present status of the LARES project, unfortunately, up to 
now, although its very low cost with respect to other much more complex and 
expensive space-based missions, it has not yet been approved by any national 
space agency or scientific institution. 



2 The proposal of a joint OPTIS/LARES mission 



2.1 The originally proposed OPTIS mission 

OPTIS [24] is a recently proposed satellite-based mission^ which would allow 
for much improved tests of 

• the isotropy of the velocity of light 

• the independence of the velocity of light from the velocity of the laboratory 

• the universality of the gravitational redshift. 

This mission is based on the use of a spinning drag-free satellite in an eccen- 
tric, high-altitude orbit which should allow to perform a three orders of magni- 
tude improved Michelson-Morley test and a two order of magnitude improved 
Kennedy-Thorndike test. Moreover, it should also be possible to improve by 
two orders of magnitude the tests of the universality of the gravitational redshift 
by comparison of an atomic clock with an optical clock. The proposed experi- 
ments are based on ultrastable optical cavities, lasers, an atomic clock and a 
frequency comb generator. Since it is not particularly important for the present 
version of the mission, the final orbital configuration of OPTIS has not yet been 
fixed; in [24] a perigee height^ of 10000 km and apogee height of 36000 km are 
provisionally proposed assuming a launch with a Ariane 5 rocket. 

^ See also on the WEB http://www.exphy.uni-duesseldorf.de/OPTIS/optis.html. 

^ With respect to Earth’s surface. 
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The requirements posed by the drag-free technology to be used, based on the 
field emission electrical propulsion (FEEP) concept, yield orbital altitudes not 
less than 1000 km. On the other hand, the eccentricity should not be too high in 
order to prevent passage in the Van Allen belts which could affect the on-board 
capacitive reference sensor. Moreover, the orbital period Pqpt should be shorter 
than the Earth’s daily rotation of 24 hours. The orbital configuration proposed 
in [24] would imply a semi major axis aopT = 29300 km and an eccentricity 
eopT = 0.478. With such values the difference of the gravitational potential C/, 
which is relevant for the gravitational redshift test, would amount to 



AU 

^2 



GMff 



_(l-e) (l + e)_ 



1.8 X 10-^°, 



( 1 ) 



where G is the Newtonian gravitational constant, the mass of Earth and c 
the speed of light in vacuum. The result of (1) is about three orders of magnitude 
better than that obtainable in an Earth-based experiment. 

An essential feature of OPTIS is the drag-free control of the orbit. Drag- 
free motion is required for the special and general relativistic tests which are 
carried through using optical resonators. Even very small residual accelerations 
of 10“^ g may distort the resonators leading to error signals. As a by-product, 
this drag-free control also guarantees a very high quality geodesic motion which 
may be used, when being tracked, as probe of orbital relativistic gravitational 
effects. 

For a drag-free motion of the satellite a sensor measuring the actual accele- 
ration and thrusters counteracting any acceleration to the required precision are 
needed. The sensor, which is based on a capacitive determination of the position 
of a test mass, has a sensitivity of up to 10“^^cm s~^/v^Hz [25]. These systems 
have a lifetime of many years. 



2.2 The compatibility of OPTIS with the gravitomagnetic tests 

In this contribution we wish to show that the rather free choice of the orbital 
parameters of OPTIS and the use of a new drag-free technology open up the 
possibility to extend its scientific significance with new important general rela- 
tivistic gravitomagnetic tests as well. Indeed, it would be of great impact and 
scientific significance to concentrate as many relativistic tests as possible in a 
single mission, including also measurements in geodesy, geodynamics and Earth 
monitoring. Another important point is that OPTIS is currently under serious 
examination by a national space agency-the German DLR. Then, even if it turns 
out that OPTIS would yield little or no advantages for the measurement of the 
Lense-Thirring effect with respect to the originally proposed LARES, if it will 
be finally approved and launched it will nevertheless be a great chance for de- 
tecting, among other things, the Lense-Thirring effect. The main characteristics 
of such a mission are the already mentioned drag-free technique for OPTIS and 
the SLR technique for tracking. Today it is possible to track satellites to an 
accuracy as low as a few mm. This may be further improved in the next years. 
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It seems that an orbital configuration of OPTIS identical to that of LARES 
of Table 1 would not be in dramatic contrast with the requirements for the other 
originally planned tests. For example, with the LARES orbital configuration the 
difference iti the gravitational potential would be of the order of 3 x 10“^^, 
which is only one order of magnitude smaller than the one that could be obtained 
with the originally proposed OPTIS configuration. 

By assuming for OPTIS the same orbital configuration of LARES the follo- 
wing combination yields high accuracy 

^LAGEOS ^ II ^ ^^^OPTIS ^ ^3^0PTIS ^ 61.8/iLT, (2) 

with 

Cl ~ 3 X 10-3, ^ 9 9 ^ C3 ~ 1 X 10-3. (3) 

The parameter /^lt is 0 in Galileo-Newton mechanics and 1 in GTR. The resul- 
ting relativistic signal would be a linear trend with a slope of 61.8 mas yr~^. The 
combination of (2) cancels out the first three even zonal harmonics so that the 
systematic error due to the remaining harmonics of higher degree amounts to 
(<^MLT/MLT)even zonais = ^ X 10“^- The variance matrix of EGM96 up to degree 
Z = 20 has been used. It can be shown that this result is insensitive to the orbital 
injection errors in the inclination of OPTIS. 

With regard to the non-gravitational perturbations on the LAGEOS satelli- 
tes, only the contributions of the nodes of LAGEOS and LAGEOS II, weighted 
by the small coefficients of (3), have to be considered. This is quite relevant in 
the final error budget because, as already pointed out, the nodes of the LAGEOS 
satellites, contrary to the perigees of these laser-ranged satellites, are orbital ele- 
ments much less sensitive to the action of the non-gravitational perturbations. 
With regard to the effect on the non-gravitational perturbations on the OPTIS 
satellite, it turns out that, by assuming a residual unbalanced acceleration of 
10“^^ cm s"^, the impact of the node of OPTIS would be of the order of 10“^ 
and that of the perigee of OPTIS would be of the order of 10“^ in view of the 
coefficients of (3). So, according also to the evaluations of Table 2 and Table 3 
of [22], over Tobs ^ years {5 jiur / 3 x 10“^. Last but not least, note 
that the impact of the perigee of LAGEOS II, difficult to be modelled at a high 
level of accuracy, is absent. 

So, the total final systematic error budget in measuring the Lense-Thirring 
effect with (2) should be better than 1%. 

Perhaps the major point of conflict between the original designs of the OP- 
TIS and LARES missions is represented by the eccentricity e of the orbit of the 
spacecraft. Indeed, while for the gravitational redshift test, given by (1), a rela- 
tively large value of e is highly desirable, the originally proposed LARES orbit 
has a smaller eccentricity. The point is twofold: on one hand, it is easier and 
cheaper, in terms of requirements on the performances of the rocket launcher, 
to insert a satellite in a nearly circular orbit, and, on the other, the present 
status of the ground segment of SLR would assure a uniform tracking of good 
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quality for such kind of orbits. In fact, the large eccentricity of the originally 
proposed OPTIS configuration, contrary to the other existing geodetic satellites 
of LAGEOS-type, would not allow for a uniform coverage of the laser-ranged 
data in the sense that certain portions of the orbit might remain poorly tracked. 

However, the originally proposed OPTIS mission implies the use of a ARI- 
ANE 5 rocket to insert the spacecraft into a GTO orbit and, then, the use 
of a kick motor. Moreover, it may be reasonable to assume that, when OP- 
TIS/LARES will be launched, the network of SLR ground stations will have 
reached a status which will allow to overcome the problem of reconstructing 
rather eccentric orbits to a good level of accuracy. 

Then, a reasonable compromise between the OPTIS and LARES require- 
ments could be an eccentricity of, say, e = 0.1. In that case (1) yields a gravita- 
tional redshift of ~ 7.3 x 10“^^. With regard to the Lense-Thirring effect, it 
turns out that the error due to the even zonal harmonics of geopotential would 
amount, from (2), to 1.5%, according to the variance matrix of EGM96 up to 
degree / = 20. Also in this case it would be insensitive to the orbital injection 
errors in the inclination. However, the forthcoming Earth gravitational models 
from CHAMP [26] and GRACE [27] should greatly improve such estimates. With 
a larger eccentricity the impact of the non-gravitational perturbations would be 
reduced and, on the other hand, the accuracy of the measurement of the various 
post-Newtonian gravitational effects on the OPTIS/LARES perigee would be 
increased. 



Acknowledgments 

I am grateful to Prof. H.V. Klapdor-Kleingrothaus for his kind invitation to 
the BEYOND2003 conference and to L. Guerriero for his support while at Bari. 
Thanks also to the LARES-OPTIS team members I. Ciufolini, E. Pavlis, D. 
Lucchesi, C. Lammerzahl, H. Dittus, S. Schiller. 



References 

1. I. Ciufolini, J.A. Wheeler, Gravitation and Inertia (Princeton University Press, 
New York 1995) 

2. C.M. Will, Theory and Experiment in Gravitational Physics , 2nd edn. (Cambridge 
University Press, Cambridge 1993) 

3. C.M. Will, http://www.livingreviews.org/Articles/Volume4/2001-4will 

4. L. Schiff, Am. J. Phys. 28, 340 (1960) 

5. C.W.F. Everitt and other members of the Gravity Probe B team: ‘Gravity Probe 
B, Countdown to Launch’. In Gyros, Clocks, Interferometers...: Testing Relativistic 
Gravity in Space , ed. by C. Lammerzahl, G.W.F. Everitt, F.W. Hehl (Springer, 
Berlin 2001) pp. 52-82 

6. A. Lawler, Science 299 , 1827 (2003) 

7. A. Lawler, Science 300 , 880 (2003) 



520 



Lorenzo lorio 



8. T.E. Sterne, An Introduction to Celestial Mechanics (Interscience, New York 1960) 

9. J. Lense, H. Thirring, Phys. Z. 19 , 156 (1918), translated by B. Mashhoon, F.W. 
Hehl, D.S. Theiss, Gen. Rel. and Gravit. 16 , 711 (1984) 

10. L. lorio, II Nuovo Cimento B 116 , 777 (2001) 

11. I. Ciufolini, Class, and Quantum Grav. 17, 2369 (2000) 

12. I. Ciufolini, II Nuovo Cimento A 109, 1709 (1996) 

13. W.M. Kaula, Theory of Satellite Geodesy (Blaisdell Publishing Company, Waltham 
1966) 

14. D. Lucchesi, Plan, and Space Sci. 49, 447 (2001) 

15. D. Lucchesi, Plan, and Space Sci. 50, 1067 (2002) 

16. F.G. Lemoine et ah. The Development of the Joint NASA GSFC and the National 
Imagery Mapping Agency (NIMA) Geopotential Model EGM96, NASA/TP-1998- 
206861 (1998) 

17. L. lorio, Celest. Mech and Dyn. Astron. 86, 277 (2003) 

18. J. Ries, R.J. Eanes, B.D. Tapley, ‘Lense-Thirring Precession Determination 
from Laser Ranging to Artificial Satellites’. In Nonlinear Gravitodynamics. The 
Lense-Thirring Effect , ed. by R. Ruffini, C. Sigismondi (World Scientific, Singa- 
pore 2003) pp. 201-211 

19. I. Ciufolini, Phys. Rev. Lett. 56, 278 (1986) 

20. L. lorio, I. Ciufolini, E. Pavlis, Class, and Quantum Grav. 19, 4301 (2002) 

21. L. lorio, Phys. Lett. A 298, 315 (2002) 

22. L. lorio, D. Lucchesi, I. Ciufolini, Class, and Quantum Grav. 19, 4311 (2002) 

23. L. lorio, Gen. Rel. and Gravit. 35, 1263 (2003) 

24. C. Lammerzahl, H. Dittus, A. Peters, S. Schiller, Class, and Quantum Grav. 18 , 
2499 (2001) 

25. P. Touboul, Comptes Rendus de I’Acad. Sci. Serie IV: Physique Astrophysique 2, 
1271 (2001) 

26. E. Pavlis, ‘Geodetic Contributions to Gravitational Experiments in Space’. In 
Recent Developments in General Relativity , ed. by R. Cianci, R. Collina, M. Fran- 
caviglia, P. Fre (Springer, Milan 2000) pp. 217-233 

27. J.C. Ries, R.J. Eanes, B.D. Tapley, G.E. Peterson, ‘Prospects for an Improved 
Lense-Thirring Test with SLR and the GRACE Gravity Mission’. In Proceedings 
of the 13th International Laser Ranging Workshop, Washington DC, October 7-11, 
2002 Preprint http:/ / cddisa.gsfc.nasa.gov/lwl 3/lw-proceedings. html^science 



Geometries from the Point of View 
of Different Observers 



Irina Dymnikova 

Department of Mathematics and Computer Science, University of Warmia and 
Mazury, Zolnierska 14, 10-561 Olsztyn, Poland; e-mail: irina@matman.uwm.edu.pl 



Abstract. yl{^-geometry is a geometry with a variable cosmological term described 
by a second-rank symmetric tensor A'i whose asymptotics are Einstein cosmological 
term at the origin and A(5J^ at infinity (with A < /I). It corresponds to extension 
of the algebraic structure of the Einstein cosmological term AS^ in such a way that a 
scalar A describing vacuum energy density as pvac = SttGA (with =const by virtue 
of the Bianchi identities), becomes explicite related to the appropriate component, 
Aq, of an appropriate stress-energy tensor, = SttGA{!; whose vacuum properties 
follow from its symmetry, Tq = T/, and whose variability follows from the contracted 
Bianchi identities. In the spherically symmetric case existence of such geometries in 
frame of GR follows from imposing on Einstein equations requirements of regularity of 
density and finiteness of the ADM mass, and dominant energy condition on either 
weak energy condition and regularity of pressures. Dependently on parameters m and 
q = ^yA/X^ A^ geometry describes five types of configurations. We summarize here the 
results which tell us how these configurations look from the point of v iew x»f different 
observers: a static observer, a Lemaitre co-moving observer, and a Kantowski-Sachs 
observer. 



1 Introduction 

The motivation for introducing a geometry able to model Lambda-variability 
is evident: With great probability we live in A-dominated universe with A con- 
tributing via Pvac = SttGA to the total energy density with p^ac — O.TSptotai 
[1]. On the other hand, the big value of Lambda is responsible for an earliest 
inflationary stage solving various puzzles of the standard cosmology [2]. 

The Einstein cosmological term corresponds to a maximally symmetric va- 
cuum stress-energy tensor [3, 4] 

ASii = STTGpvacS^ ( 1 ) 

A variable cosmological term is introduced as an extension of to a second- 
rank symmetric tensor A{^ connecting smoothly two asymptotic maximally sym- 
metric states (1) with different values of cosmological constant [5] (for review 
[6, 7]) 

Ad^ 

corresponding to certain vacuum tensor 



(2a) 
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^ T>^ PlfcK ( 2 ^) 

Kind of justification for identification of eq.(2) comes from nice discussion in 
Ref. [8] about where to put the cosmological term in the Einstein equation 

= 0 ( 3 ) 

According to [8] putting it on the right-hand side of the Einstein equation as 
Tj^ = SnCpyac^u treating as a dynamical part of a matter content, originates 
from dialectic materialism of the Soviet physics school where it came from [3, 
9], although the first calculation relating A6^ to a QFT vacuum was done by 
De Witt [4]. On contrary keeping A5^ on the left-hand side and treating it as 
geometrical entity with A as a fundamental constant of nature, is preferred by 
idealistic approach. 

The first approach - shifting to the right side as some T/f, allows energy 
exchange of de Sitter vacuum (1) with another matter. Even a simplest nonsin- 
gular FRW cosmological model with the initial de Sitter state and conversion of 
a vacuum energy into radiation, gives (generically, for any source of A) needed 
entropy and accelerated exponential expansion with e-folding number sufficient 
to explain homogeneity, isotropy, present size and density of the Universe [10] 
(for review [2]). 

Such an approach is most popular till now for making A- variability due to 
exchange with other matter in various models [11, 8], and for solving problem of 
cosmological constant in field theories by cancelling pre-existing vacuum energy 
(cosmological constant) with developed by an appropriate field big expectation 
value of a vacuum density [12] (for review [13]). 

The aim of the reported research was to reveal how one could make cosmo- 
logical term variable in itself. 

The approach in introducing (2) was in a sense opposite to that classified as 
materialistic. We first found in the right-hand side of the Einstein equation 

= -SttGTI; (4) 

the class of source terms with the proper symmetry [14] 

T* = T;; = T; (5) 

and asymptotic behavior [15] 

A6i!; ^ SirGTi; Xdi^; (6) 

shift it then to the left-hand side of equation (4) as [5] 

Af^ = SttGTI; (7) 

treating as evolving and clustering geometrical entity. 

The cosmological term (7) is invariant under radial boosts and is identified 
as corresponding to a spherically symmetric anisotropic vacuum [14], with the 
algebraic structure [(II) (II)] in the Petrov classification. 
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The existence of the class of regular spherical metrics generated by stress- 
energy tensors of structure (5) follows from requirements of regularity of density 
p and finiteness of the ADM mass m, and imposing dominant energy condition 
on a stress-energy tensor [16, 7], either weak energy condition and regularity 
of pressures [17]. These two possibilities correspond to geometries with variable 
curvature scalar positive in the first case [17]. 

At present there is known a lot of matter sources contributing to GR equa- 
tions with a stress-energy tensor of structure (1). All of them give the same 
geometry - de Sitter geometry governed by A5l^ - whose generic properties are 
used then in relevant physical models [2]. 

In similar way we study geometries generated by (7) whose mathematical 
properties are generic. The advantage is using of possibilities given by mathe- 
matical models followed from GR equations, to obtain a Lambda-dominated 
stage at which a matter comes into play. 

In this talk we show how the vacuum configurations represented by A^ geo- 
metry, look from the point of view of different observers: a static observer, a 
co-moving Lemaitre observer and a Kant owski- Sachs observer. 



2 Geometry 



The Einstein cosmological term (1) is identified as a vacuum stress-energy ten- 
sor due to its maximally symmetric form. It is invariant under any coordinate 
transformation which makes impossible to distinguish a preferred co-moving re- 
ference frame [3]. As a result an observer moving through a medium with a 
stress-energy tensor (1) cannot in principle measure his velocity with respect to 
it, which allows one to classify it as a vacuum in accordance with the relativity 
principle [3]. 

Introducing in similar way a vacuum with variable density, one cannot keep 
the full invariance which leads, by Bianchi identities, to pyac = const. The in- 
variance can be kept for an observer moving along a certain direction in space 
distinguished by symmetry of a source term (5). In A^ extension of AS^ a con- 
stant scalar A associated by (1) with a vacuum density, constant by virtue of 
Bianchi identities, becomes a tensor component A\ = SttGT/ associated expli- 
citly with a density component of a perfect fluid stress-energy tensor, whose 
vacuum properties follow from its symmetry and whose variability follows just 
from the Bianchi identities [5]. 

For the stress-energy tensor of the algebraic structure (5) the generalized 
Birkhoff theorem [18] guarantees the existence of a coordinate frame where the 
metric has the static form 



ds^ = g(r)dt^ — 



dr‘^ 

9{r) 



— r^dn^ 



( 8 ) 
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where dO?‘ is the line element on the unit 2-sphere. Here we concentrate on 
the spherically symmetric case although generalization is straightforward to the 
cases of 2-dimensional planes and Lobachevsky planes [19]. 

For the case of with asymptotic behavior (2), the metric function is given 



by [15] 


, . ^ Rgif) A 2 

g{r) = l y 


( 9 ) 


with 


pr 






Rg{r) = 2GM(r); M(r) = 47 t / p{r)r^dr 

Jo 


(10) 



The asymptotic value of lambda at infinity is included into stress-energy tensor 
in such a way that 

T/ = p(r) + (87rG)-U (11) 



SO that the ADM mass m is defined in the standard way 

J rOO 

' p{r)r‘^dr ( 12 ) 

0 

From the conserved Bianchi identities it follows the conservation equation 
A^.^ = 0 which gives the equation of state connecting components of a cosmo- 
logical term A\ = S7rGp{r), A^ = —SirCpr, A^ = A^ = —87rGp± [5] 

Pr = ~p; + ( 13 ) 

In the case of two scales for vacuum density, geometry has not more than 
three horizons [19], and describes five types of configurations as shown in Fig.l 

[ 15 ]. 

The case of three horizons, an internal horizon r_ , a black (white) hole hori- 
zon r+, and a cosmological horizon corresponds to the nonsingular modifica- 
tion of Kottler-Treftz solution [20] referred to in the literature as Schwarzschild- 
de Sitter geometry [21]. In the regular version it exists only within a certain 
range of mass parameter, rri min ^ ^ < '^max^ with limits depending on the 
value of the parameter q = \/ Aj\ [15]. 

In A^ geometries singularities r = 0 are replaced with a regular R-regions 
asymptotically de Sitter with the value of A as r ^ 0 corresponding to a scale 
of symmetry restoration [22, 16]. In these regions ^(r) > 0. The regions where 
^(r) < 0 are called T-regions. 

R- and T- regions are specified by the invariant quantity A — 

(see, e.g., [23]). In R-regions Z\ < 0, the surfaces r=const are time-like, static 
observers can exist, move and send signals in both directions. In T-regions Zi > 0, 
the surfaces r=const are space-like, no static observer can exist in principle, 
both signals from this surface propagate in the same direction. T-regions are 
regions of one-way traffic. In Fig. 1 they are located between horizons r_, r+ 
and between and infinity. At horizons A = Q. For the metric in the Kruskal 
form A = and the conditions > 0 and < 0 are invariant: 

r^u < 0 for contracting T_ region; > 0 for an expanding T+ region. 
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Fig. 1. The metric g{r) for Afi configurations. The mass m is normalized to 
The parameter q = yj A/X. 



Static Observers 



Static observers exist only in R-regions. In all types of configurations horizons 
exist, at least one related to replacing a singularity with a de Sitter core. In 
most general case of three horizons (see Fig.l), a static observer between and 
r_|_+ observes a vacuum nonsingular cosmological black (white) hole, and his 
horizons are black hole horizon and cosmological horizon r_|_+ in his future 
(past). A static observer between r = 0 and r = r_ sees internal horizon r_ as 
his cosmological (future or past) horizon. It is seen from Fig. 2 which presents 
the global structure of A^i, geometry with three horizons [15]. 

Static observers see Hawking radiation from black hole horizons, and Gibbons- 
Hawking radiation [21] from cosmological horizons, with the temperature [24] 



kT = 



he 

47T 



Rgirh) 



R'g{rh) \ 

'f'h J ’ 



m = r_,r+,r++ 



Kantowski- Sachs Observers 



In T-regions the coordinates r and t interchange their roles, r becomes time-like 
and t space-like. The metric (8) can be re-written, introducing time coordinate 
IX, space- like coordinate x and the metric function is o?(u) = —g{u), in the form 
[19] 



ds^ 



a?{u) 



dv? — o?{u)dx^ — u^dQ^ 



(14) 
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Fig. 2. The global structure of space-time with 3 horizons. 



It describes an anisotropic cosmological model with two time-dependent scale 
factors a{u) and h{u) = and the lapse function l/o?{u). A spatial section has 
topology of a 3-dimensional cylinder with different time-dependent scale factors 
in the radial and longitudinal directions [19]. 

Models described by metric (14) belong to Kant owski- Sachs type homoge- 
neous anisotropic cosmological models with two time-dependent scale factors 
[25]. Kantowski-Sachs models represent a special class of T-models [26] which 
are in general inhomogeneous. 

Essentially new feature of these models in our case is the existence of regular 
R-region near r = 0, so metrics (14) are identified as Kantowski-Sachs models 
with the regular R-regions [19].^ 

These models can describe both regular cosmologies in -regions and regular 
collapse in T_ -regions. 

For Kantowski-Sachs observers the cosmological evolution starts from ho- 
rizons u — Vh which are highly anisotropic purely coordinate singularities (the 
4-geometry is perfectly globally regular) , where coordinate surfaces, spheres with 
the same finite scale factor u{rh) stick to one another. As a result cosmological 

^ In the case of pseudospherical symmetry 2-space is Lobachevsky plane models are 
identified as hyperbolic Kantowski-Sachs models [19]. In the case of the planar sym- 
metry of 2-space, models belong to Bianchi type I [19]. 
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evolution for Kant owwski- Sachs observers starts with a null bang from a ho- 
rizon, a null surface {u = Vh) with vanishing volume of spatial section squeezed 
along x{a{r) = 0); this happens at finite cosmological time r(ii) = f du/a(u) for 
the case of a simple horizon, and in the infinitely remote past for higher-order 
horizons [19]. 

In our case Kantowski-Sachs models have regular R-regions, and Kantowski- 
Sachs observers can receive information from their remote past (even in the case 
of high-order horizons) brought by particles and photons crossing a horizon in 
their finite proper time [19]. 

Lemaitre Observers 

As usual in space-times with horizons, a static observer can see only small part 
of the manifold, R-region in which he is actually resided. The same concerns 
Kantowski-Sachs observer who exists only in T-regions. Both have problems 
with horizons which are singular surfaces for them. Removing coordinate singu- 
larities in the way similar to applied by Lemaitre for Schwarzschild geometry, 
one introduces coordinates of an observer to whom more extended parts of a 
manifold are available. 

Connecting coordinates with the particles moving on radial geodesics marked 
by the constant of motion we make transformation r, t ^ R,r where R, r 
are coordinates of co-moving observers in which the metric (8) takes the Lemaitre 
form [19] 

ds2 ^ ~ (15) 

The models described by (15), belong to the Lemaitre class of cosmological mo- 
dels with anisotropic perfect fluid, since the principal pressures are essentially 
different for geometry satisfying the equation of state (13). In coordinates 
connected with in-falling particles, the metric (15) describes a regular gravita- 
tional collapse. 

For all configurations, Lemaitre class cosmologies describe evolution star- 
ting with a nonsingular non-simultaneous de Sitter bang [27, 19]. 

It can be easily seen for the case of de Sitter- Schwarzschild geometry [24] 
which is the particular case of A^ geometry with A == 0. The global structure of 
de Sitter-Schwarzschild space-time is shown in Fig. 3 where it is compared with 
the case of Schwarzschild geometry. 

Lemaitre coordinates R, r map the segment 7ZC (regular core) , WR (white 
hole),U (universe) available to Lemaitre observers. A regular core IZC models an 
initial state for an expanding universe in all A^ configurations. Evolution starts 
from the surface r(R, r) = 0 which is the bang surface. In Schwarzschild case this 
is the surface of big bang singularity [28]. For example, in the case of the Tolman- 
Bondi dust model, it is described by r(R, r) = (9M(R)/2)^/^(r — ro(i?))^/^ with 
the bang-time function to{R) [29]. 

In the case of Schwarzschild white hole the bang surface cr -1- R = 0 (see 
Fig. 4) is space-like surface (see Fig. 3). In de Sitter-Schwarzschild geometry the 
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bang surface {cr + — oo in Fig. 4) is the time- like regular surface (r = 0 in 

Fig.3). 

Since a bang surface is timelike, different points start at different moments 
of the synchronous time r. 

Near the bang surface the metric (15) takes the FRW form 
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Fig. 4. The surfaces r=const in Lemaitre coordinates. 

ds^ = dr^ — a^(r)(dx^ + (16) 

with the de Sitter scale factor a(r) ~ exp {Hr) for a spatially flat model, a(r) ~ 
cosh(i7r) for a closed model, and a(r) sinh(JTr) for an open model; H is the 
Hubble parameter H = y^H/3 [27]. 

An inflationary stage is followed by a Kasner-type anisotropic stage, with 
contraction in the radial direction and expansion in the tangential direction, at 
which most of a universe mass is produced [27]. 

The metric (15) at the Kasner-type stage takes the form [27, 19] 

ds'^ = - {T+R)-‘^/^F{R)dR^ - B{T+Rf/^d^l\ (17) 

where F{R) is a smooth regular function and JB is a constant related to the 
model parameters. At this stage acceleration is changes drastically (see Fig. 5 
[27]). At late times all dominated models become isotropic and approach de 
Sitter asymptotic described by (16) with the Hubble parameter H = \J A/3 [19]. 

In the case = 1 models asymptotically approach flat FRW models in both 
past A and future A limits; a de Sitter bang occurs in infinitely remote past. 
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Fig. 5. Acceleration of the scale factor r(r) [27]. 



R CT = — oo. In the case > 1, when the initial velocity on the geodesics 
of the reference frame is nonzero, models asymptotically approach open FRW 
models; a bang occurs at finite R -\- t [19]. In case < 1 (asymptotically 
approaching closed FRW model) a bang starts from a finite value r^n given by 
E^ — g{rin) = 0 at finite R + r. 



3 Possibilities Given by Geometry 

One Horizon Configurations 

There are two types of one-horizon configurations shown in Fig. 6. In both cases 
the global structure of space-time is the same as for de Sitter geometry. Essential 
difference is that cosmological density A\ in geometry evolves smoothly from 
A to A. This is evolution in r for a static observers in R- region, in proper time 
r for Lemaitre and Kantowski-Sachs observers. 

For Lemaitre observers evolution starts from non-simultaneous de Sitter bang 
r(i7, t) = 0. For Kantowski-Sachs observers evolution starts with a null bang 
from a single horizon, in their finite proper time. 

In the first case, the uppe r cu rve in Fig. 6, the horizon is related to the small 
asymptotic value. A, r_ v^A/3. Observers in R-region see Hawking radiation 
with the Gibbons-Hawking temperature T ~ hcy^ A/3. The essential dynamical 
changes occur in the R-region, experienced by static observers, or by comoving 
Lemaitre observers before crossing horizon. 
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Fig. 6. geometry with one horizon. 




In second case, the lower curve in Fig. 6, the horizon is approximately related 
to big asymptotic value, A^ r_|_+ AjZ. Observers see Hawking radiation with 
the Gibbons-Hawking temperature T ~ hc^ AjZ. One can say that they are in 
much hotter environment. The essential dynamical changes occur in T-region as 
dynamical possibilities for Kant owski- Sachs observers. 

Configuration With Three Horizons 

This configuration is shown in Fig. 7 [15]. The global structure of spacetime is 
shown in Fig. 2. 

An observer in R-region between r+ and observes Hawking radiation 
from both black hole and cosmological horizons, whose temperature in certain 



532 Irina Dymnikova 



range of parameters can be estimated as kT ~ hc^ /SirGm for black hole horizon 
and by kT ~ hc^/X/3 for a cosmological horizon. An observer in R-region bet- 
ween r = 0 and r = r- observes Gibbons-Hawking radiation with temperature 
estimated roughly by kT 

The segments T^C, CC, are available to Lemaitre observers. They can 

cross horizons without big problems (tidal forces are big only when m is small). 
Coordinate frame related to radially infalling observers describes nonsingular 
contraction, while frames related to outgoing geodesics describe cosmological 
models of Lemaitre class with a non-simultaneous de Sitter bang. 

T-regions of a black (white) hole between r_ and and cosmological re- 
gions between and infinity are regions of one-way traffic. The cosmological 
regions are the place of Kantowski-Sachs observers. From their point of view 
evolution starts from a horizon with a null bang in their remote past but 
in finite proper time. 

Even in such a complicated space-time KS observers can receive information 
about pre-bang history brought by particles and photons from the first R-region, 
first T+ -region which in this case is a white hole, and next R-region (universe of 
a static observer). 



Configuration With Double Horizon r_|_ = ^+-i- 

This configuration, the first extreme state of a nonsingular cosmological black 
hole (nonsingular modification of the Nariai geometry [30]), is shown in Fig. 8. 

Global structure of space-time is shown in Fig. 9 [19]. 

For observers in R-region between r = 0 and r = r_, horizon is dominated 
by the big value A. The Gibbons-Hawking temperature T hc^J AjZ. 

Coordinate frame of Lemaitre observers map the segment which contains 
R-region and two T-regions. 

The surface r+ = is the null bang for Kantowski-Sachs observers in T_^- 

regions between and infinity, the bang occurs in their infinitely remote 

past. Nevertheless, pre-bang information arrives to Kantowski-Sachs observers, 
since for any other geodesics with > 1 in Kantowski-Sachs part of a manifold, 
a time for arriving at any finite value of r is finite [19]. 

For in-falling KS observers in T_ regions, an apparent coordinate singularity 
is in their infinitely remote future. 



Configuration With Double Horizon r_ = r_|_ 



This configuration is shown in Fig. 10, global structure of space-time in Fig. 
11. For a static observer in R-region between r_ = this is nonsingular {A as 
r — )► 0), cosmological (A as r — > oo), extreme (double horizon) black hole. 

This extreme black hole state has no analogy in singular models, it appears 
because of replacing a black hole singularity with an asymptotically de Sitter core 
which produces an additional internal horizon, and a lower bound on a black hole 
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r = oo 




Fig. 9. The global structure of space-time with a double horizon r+ = 
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mass comes as a result [24]. When a black hole approaches this limit, Hawking 
temperature from the BH horizon goes to zero [24]. An observer in R- region 
between r_ = r_|_ and r_|_+ sees only Hawking radiation from his cosmological 
horizon r_|__|_. 

Segment of a manifold available for Lemaitre observers includes two R-regions 
and one T-region. 

For Kantowski-Sachs observers in T-region evolution starts with a null bang 
in finite time in their past. 



4 Summary 

Dependent ly on the number of horizons, geometries describe five types of 
globally regular configurations, seen by a static observer as cosmological va- 
cuum nonsingular black hole with an additional internal horizon separating an 
additional R- region, its two extreme states, and two types of one horizon confi- 
gurations with global structure of de Sitter geometry but with vacuum energy 
Al — SirCpyac smoothly evolving from A to A. 

All cosmological models belong to the Lemaitre class of models with ani- 
sotropic perfect fluid. Cosmological evolution for Lemaitre co-moving observers 
starts with a non-singular non- simultaneous de Sitter bang which is followed by 
a Kasner-type stage of anisotropic expansion. At late times all models approach 
de Sitter asymptotic with small A. 
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Spherically symmetric models of Kantowski- Sachs type contain the regu- 

lar R-regions. For contracting T_ -regions evolution finishes and for expanding 
T+ -regions starts with the null bang from horizons, which occurs in a finite pro- 
per time of Kantowski-Sachs observers in the case of a simple horizon, and in 
their infinitely remote past in the case of a higher-order horizon. 
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Kantowski-Sachs observers get information about pre-bang history brought 
by particles and photons which have crossed the horizon in their finite proper 
time. 
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Abstract. The ~ 100 kg highly radiopure Nal(Tl) set-up of the DAMA project 
(DAMA/Nal) took data over seven annual cycles up to July 2002 and has achieved 
results on various rare processes. Its main aim has actually been the exploitation of 
the model independent WIMP annual modulation signature. After this conference the 
total exposure, collected during the seven annual cycles, was released. This cumulative 
exposure (107731 kg x day) has given a model independent evidence for the presence 
of a Dark Matter particle component in the galactic halo at 6.3 a C.L.; this main result 
is summarised here. Some of the many possible corollary model dependent quests for 
the candidate particle are mentioned. At present, after about five years of new deve- 
lopments, a second generation low background set-up (DAMA/LIBRA with a mass of 
~ 250 kg Nal(Tl)) was built and is taking data since March 2003. New R&D efforts to- 
ward a possible Nal(Tl) ton set-up, we proposed in 1996, have been funded and started 
in 2003. 



1 Introduction 

The DAMA project has been proposed by the italian group to INFN and firstly 
funded in 1990 [1]; in 1992 the Chinese colleagues joined the project. DAMA is 
an observatory for rare processes based on the development and use of various 
kinds of radiopure scintillators. Several low background set-ups have been reali- 
sed; the main ones are: i) DAMA/Nal (c± 100 kg of radiopure Nal(Tl)), which 
took data underground over seven annual cycles and was put out of operation 
in July 2002; ii) DAMA/LXe (^ 6.5 kg liquid Xenon), which has been upgraded 
various times and is in operation; hi) DAMA/R&D, which is a set-up devoted to 
measurements on prototypes/small-scale-experiments and is in operation; iv) 
the new second generation set-up DAMA/LIBRA (c^ 250 kg; more radiopure 
Nal(Tl)) in operation since March 2003. Moreover, in the framework of devo- 
ted R&D for higher radiopure detectors and PMTs, sample measurements are 
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regularly carried out by means of the low background DAMA/Ge detector, in- 
stalled deep underground since >10 years and, in some cases, by means of Ispra 
facilities. Recent results from DAMA/LXe are presented in these proceedings 
elsewhere [2], while in ref. [3] some recent results achieved with DAMA/R&D 
can be found. 

The DAMA/Nal set-up and its performances have been described in details 
in ref. [4]. Since then some upgrading has been carried out; in particular, in 
summer 2000 the electronic chain and data acquisition system were completely 
substituted as reported in ref. [5]. 

As mentioned, DAMA/Nal has taken data over seven annual cycles up to 
July 2002 [5]. The first data release and publication of DAMA/Nal data oc- 
curred in 1996 [6] for an exposure of 4123 kg x day (DAMA/NaI-0) analysed 
by using the pulse shape discrimination (PSD) technique in Nal(Tl) in order 
to discriminate between electromagnetic background and recoils^. Investigation 
of possible diurnal effects has been carried out as well [8]. The main aim of 
the experiment was actually the investigation of the presence of a Dark Mat- 
ter particle component in the galactic halo by means of the model independent 
WIMP annual modulation signature, which has been deeply investigated over 
seven annual cycles (107731 kg x day total exposure). 

DAMA/Nal has also obtained results on the investigation of some exotic 
Dark Matter candidates (such as neutral SIMPs, neutral nuclearities and Q- 
balls) [9], has searched for solar axions [10] and has given results on several 
other rare processes such as e.g. spontaneous emission of protons in ^^Na and 
with violation of the Pauli exclusion principle [11], nuclear level excitation 
of ^^Na and during charge-non-conserving processes [12], electron stability 
and non-paulian transitions in Iodine atoms by L-shell[13]. 

In the following, the result obtained by DAMA/Nal in the investigation of 
the WIMP annual modulation signature over the seven annual cycles will be 
briefly summarised. This cumulative 107731 kg x day exposure has given a mo- 
del independent evidence for the presence of a Dark Matter particle component 
in the galactic halo at 6.3 cr C.L.; this main result and corollary interpretations 
in some of the possible different model scenarios have been discussed in expe- 
rimental and theoretical details in ref. [5] and have firstly been presented after 
this Conference in a seminar at Gran Sasso National Laboratory (LNGS) at end 
of July 2003. 



^ The Nal(Tl) Dark Matter experiments have discrimination capability as largely 
stated in literature by several groups and at present exploited as main goal by the 
NAIAD experiment. In Zeplin I the pulse shape discrimination technique has been 
employed in LXe as well (sometimes this rejection procedure has been indicated 
as rejection by timing)^ similarly as done and published by DAMA/LXe in 1998. 
Moreover, we remind that the WIMP annual modulation signature acts (as pointed 
out since the 80’s by [7]) itself as a powerful background rejection procedure and 
that it can be effectively exploited only in large mass experiments such as so far 
DAMA/Nal and DAM A/LIBRA. 
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The new second generation larger mass and higher radiopure Nal(Tl) set-up, 
named DAMA/LIBRA, is now in operation and will be briefly introduced. 



2 Some Generalities 

The DAMA/Nal experiment has been built in order to have suitable mass, sen- 
sitivity and control of the running conditions to investigate the WIMP presence 
in the galactic halo by the annual modulation signature. We remind that the 
WIMP annual modulation signature is based on the annual modulation of the 
signal rate induced by the Earth revolution around the Sun; as a consequence, 
the Earth will be crossed by a larger WIMP flux roughly in June (when its 
rotational velocity is summed to the one of the solar system with respect to 
the Galaxy) and by a smaller one roughly in December (when the two veloci- 
ties are subtracted). The annual modulation signature is very distinctive since a 
WIMP-induced seasonal effect must simultaneously satisfy all the following re- 
quirements: the rate must contain a component modulated according to a cosine 
function (1) with one year period, T, (2) and a phase, to? that peaks around 2^^ 
June (3); this modulation must only be found in a well-defined low energy range, 
where WIMP induced recoils can be present (4); it must apply to those events 
in which just one detector of many actually ’’fires” {single-hit events), since the 
WIMP multi-scattering probability is negligible (5); the modulation amplitude 
in the region of maximal sensitivity is expected to be <7% (6). For the sake 
of completeness, we mention that this latter rough limit would be larger either 
in case the WIMPs would match the scenario of ref. [14] (because of kinematic 
effects) or the scenario of ref. [15] (because of a possible external contribution 
to the dark halo from the Sagittarius Dwarf Tidal Stream). To mimic such a 
signature spurious effects or side reactions should not only be able to account 
for the whole observed modulation amplitude, but also to contemporaneously 
satisfy all the requirements; no one has been found or suggested by anyone over 
about a decade. 

As mentioned, to point out the modulation component of a signal, large mass 
apparata with suitable performances and control of the operating conditions are 
necessary, such as the 100 kg highly radiopure Nal(Tl) DAMA/Nal set-up 
- which has been the only experiment able to effectively exploit such a WIMP 
signature for about a decade - and now the ~ 250 kg higher radiopure Nal(Tl) 
DAMA/LIBRA set-up. This approach allows to investigate the presence of a 
Dark Matter particle component in the galactic halo independently on astrophy- 
sical, nuclear and particle physics modelling. Corollary quests for the candidate 
particle require instead to choose a model; therefore, the results are not general 
and refer case by case to the considered model framework ® as it is always the 
case for results given in form of exclusion plots (which, thus, have no generality) 

^ We remark that a model framework is identified by the general astrophysical, nuclear 
and particle physics assumptions and by the set of values used for all the experi- 
mental and theoretical parameters needed in the calculations (for example WIMP 
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and for the specific parameters of a WIMP candidate (mass and cross sections) 
derived from the indirect searches (for some discussion see [5]). 

The presence of a model independent positive evidence in the data of DA- 
MA/Nal has been firstly reported by the DAMA collaboration at the TAUP 
conference in 1997 [16] and published also in [17], confirmed in [18, 19], further 
confirmed in [20, 21, 22, 23, 24] and conclusively confirmed, at end of experiment, 
in 2003 [5] . Corollary model dependent quests for a candidate particle have been 
carried out in some of the many possible model frameworks and have been impro- 
ved with time. In particular, some scenarios either for mixed spin-independent 
(SI) and spin-dependent (SD) coupled WIMPs or for purely SI coupled WIMPs 
or for purely SD ^ coupled WIMPs have been considered in some of the many 
possible model frameworks as well as the case of WIMPs with preferred inelastic 
scattering. 

Finally, some comments on the claims for contradiction by Cdms-I, Edel- 
weiss-I, Zeplin I can be found in ref. [5]^, where some recent positive hints - 
not in contradiction with the DAMA/Nal result - from Dark Matter indirect 
searches are also summarised. 



3 Final DAMA/Nal Model Independent Result 
on WIMP Annual Modulation Signature 
Over 7 Annual Cycles 

A model independent investigation of the WIMP annual modulation signature 
has been realised by exploiting the time behaviour of the experimental residual 
rates of the single-hit events in the lowest energy region over seven annual cy- 
cles (total exposure: 107731 kg x day) [5], as performed in the past on partial 
exposures. 



nature, WIMP couplings, form factors, spin factors, scaling laws, quenching factors, 
halo model, WIMP local velocity, etc., which are affected by relevant uncertainties; 
see for example discussions in ref. [5]). 

^ We remind that JHEP 0107 (2001) 044 is not at all in conflict with a purely SD 
solution since it considered only two particular purely SD couplings (of the many 
possible) in a strongly model dependent context and using modulation amplitudes 
valid instead only in a particular purely SI case. Moreover, the mixed SI Sz SD case 
was not involved at all in that discussion. 

® Here we just remind e.g. that no model independent comparison is possible among 
those experiments and DAMA/Nal because of the different methodological approa- 
ches, of the different target nuclei, etc.. As regards possible model dependent com- 
parisons, those experiments give result in a single purely SI model framework with 
fixed/selected assumptions, neglecting experimental and theoretical uncertainties 
and - as also done in this conference - have quoted so far the DAMA/Nal result in 
an incorrect , unupdated and incomplete way and they have been and are ignoring 
the existence of other solutions. 
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Table 1. Exposure of each annual cycle (DAMA/NaI-1 to -7) and of the DAMA/NaI-0 
running period [6, 17, 18, 19, 20, 21, 22, 23, 24, 5]. See text. 



Periods 


Exposure (kg x day) 


DAMA/Nal-O 


4123.2 


DAMA/Nal- 1 


3363.8 (winter) 

-t- 1185.2 (summer) 


DAMA/NaI-2 


14962 

(Nov. end of July) 


DAMA/NaI-3 


22455 

(middle Aug. — )> end of Sept.) 


DAMA/NaI-4 


16020 

(middle Oct. middle Aug.) 


DAMA/NaI-5 


15911 

(Aug. end of July) 


DAMA/NaI-6 


16608 

(Nov. — end of July) 


DAMA/NaI-7 


17226 

(Aug. end of July) 


Total 1-7 


107731 



The exposure of each annual cycle, DAMA/NaI-1 to -7, is reported in Table 1, 
where the exposure of the DAMA/NaI-0 running period (partially overlapped 
with DAMA/Nal- 1) is quoted as well. 

This model independent approach on the data of the seven annual cycles 
offers an immediate evidence of the presence of an annual modulation of the 
rate of the single-hit events in the lowest energy region as shown in Fig. l.a, 
where the time behaviours of the measured (2-4), (2-5) and (2-6) keV single-hit 
events residual rates are depicted. 

The data favour the presence of a modulated cosine-like behaviour (A- 
cos>uj{t — to)) at 6.3 <j C.L. and their fit for the (2-6) keV larger statistics energy 
interval offers modulation amplitude equal to (0.0200 ± 0.0032) cpd/kg/keV, 
to = (140 zb 22) days and T = ^ = (1.00 ±0.01) year, all parameters kept free in 
the fit. The period and phase agree with those expected in the case of a WIMP 
induced effect {T = 1 year and to roughly at 152.5^^ day of the year). The 
test on the (2-6) keV residual rate in Fig. l.a disfavours the hypothesis of 
unmodulated behaviour giving a probability of 7- 10“^ {x^jd.o.f. = 71/37). We 
note that, for simplicity, in Fig. l.a the same time binning already considered 
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in ref. [20, 21] has been used; the result of this approach is similar by choosing 
other time binnings. The experimental residuals given in Fig. l.a have also been 
fitted, according to the previous procedure, fixing the period at 1 year and the 
phase at 2^^ June; the best fitted modulation amplitudes are: (0.0233 ± 0.0047) 
cpd/kg/keV for the (2-4) keV energy interval, (0.0210 ±0.0038) cpd/kg/keV for 
the (2-5) keV energy interval, (0.0192 ± 0.0031) cpd/kg/keV for the (2-6) keV 
energy interval, respectively. 

The same data have also been investigated by a Fourier analysis (performed 
according to ref. [25] including also the treatment of the experimental errors and 
of the time binning), obtaining the result shown in Fig. lb where a clear peak 
corresponding to a period of 1 year is evident. 

In Fig. 2 the experimental single-hit residual rate from the total exposure 
of 107731 kg X day is presented, as in a single annual cycle, for two different 
energy intervals; as it can be seen the modulation is clearly present in the (2-6) 
keV energy region, while it is absent just above. 

Finally, a suitable statistical analysis has shown that the modulation ampli- 
tudes are statistically well distributed in all the crystals, in all the data taking 
periods and considered energy bins [5]. 

On the Investigation of Possible Systematic Effects and Side Reac- 
tions. As previously mentioned, to mimic the annual modulation signature a 
systematic effect or side reaction should not only be able to account for the 
whole observed modulation amplitude, but also able to satisfy the requirements 
of a WIMP induced effect. A careful investigation of all the known possible sour- 
ces of systematics and side reactions has been regularly carried out and published 
at time of each data release. In particular, detailed quantitative discussions can 
be found in ref. [21, 5] and will not be repeated here As it can be seen there, 
no systematic effect or side reaction able to mimic a WIMP induced effect has 
been found. 

A Further Result: the Multiple-Hits Events. As a further relevant investi- 
gation, the multiple-hits events also collected during the DAMA/NaI-6 and 7 
running periods (when each detector was equipped with its own Transient Digi- 
tizer with a dedicated renewed electronics) have been studied and analysed by 
using the same identical hardware and the same identical software procedures 
as for the case of the single-hit events. The multiple-hits events class - on the 



^ We take this opportunity only to comment that the sizeable discussions reported e.g. 
in [21, 5] already demonstrated that a possible modulation of neutron flux (possibly 
observed by the ICARUS coll, as reported in the ICARUS internal report TM03-01) 
cannot quantitatively contribute to the DAMA/Nal observed modulation amplitude, 
even if the neutron flux would be assumed to be 100 times larger than measured 
at LNGS by several authors with different techniques over more than 15 years; in 
addition, as widely known, it cannot satisfy all the peculiarities of the signature. 
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2-4 keV 




Time (day) 



Fig. la. Experimental residual rate for single-hit events in the (2-4), (2-5) and (2-6) 
keV energy intervals as a function of the time over 7 annual cycles (total exposure 
107731 kg X day); end of data taking July 2002. The experimental points present 
the errors as vertical bars and the associated time bin width as horizontal bars. The 
superimposed curves represent the cosinusoidal functions behaviours expected for a 
WIMP signal with a period equal to 1 year and phase at 2'^^ June; the modulation 
amplitudes have been obtained by best fit [5]. 
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Fig. lb. Power spectrum of the measured (2—6) keV single-hit residuals calculated 
according to ref. [25], including also the treatment of the experimental errors and of 
the time binning. As it can be seen, the principal mode corresponds to a frequency of 
2.737 • 10~^ d~^, that is to a period of ~ 1 year. 




s-0.05 

c/3 

0 ^ 

^ - 0.1 




Time (day) Time (day) 



Fig. 2. Experimental single-hit residudl rate from the total exposure of 107731 kg x day 
as in a single annual cycle. The experimental points present the errors as vertical bars 
and the associated time bin width as horizontal bars. The initial time is taken at August 
7^^. Fitting the data with a cosinusoidal function with period of 1 year and phase at 
152.5 days, the following amplitudes are obtained: (0.0195 ± 0.0031) cpd/kg/keV and 
— (0.0009 d= 0.0019) cpd/kg/keV, respectively. Thus, a clear modulation is present in 
the lowest energy region, while it is absent just above. 
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Fig. 3. Experimental residual rates over seven annual cycles for single-hit events (open 
circles) - class of events to which WIMP events belong — and over the last two annual 
cycles for multiple-hits events (filled triangles) - class of events to which WIMP events 
do not belong - in the (2-6) keV cumulative energy interval. They have been obtained 
by considering for each class of events the the data as collected in a single annual cycle 
and using in both cases the same identical hardware and the same identical software 
procedures. The initial time is taken on August 7*^. 



contrary of the single-hit one - does not include events induced by WIMPs since 
the probability that a WIMP scatters off more than one detector is negligible. 

Fig. 3 shows the behaviour of the residual rate of multiple-hits events in the 
(2-6) keV energy interval measured during the DAMA/NaI-6 and -7 running 
periods as a function of the time in a year. It is compared with the residual rate 
of the single-hit events measured in the same energy interval with the total expo- 
sure. Fitting these data with the function A- coscj(t— to) with period of 1 year and 
phase at 152.5 days, the following amplitudes are obtained: A = (0.0195dz0.0031) 
cpd/kg/keV and A — —(3.9 zb 7.9) • 10“"^ cpd/kg/keV for single-hit sad multiple- 
hits residual rates, respectively. Thus, a 6.3 cr C.L. evidence of annual modulation 
is present in the single-hit residuals (events class to which the WIMP-induced 
recoils belong), while it is absent in the multiple-hits residual rate (event class to 
which only background events belong). Since the same identical hardware and 
the same identical software procedures have been used to analyse the two classes 
of events, the obtained result offers an additional strong support for the presence 
of Dark Matter particles in the galactic halo further excluding any side effect 
either from hardware or from software procedures or from background. 

Conclusion. In conclusion, the presence of an annual modulation in the single- 
hit events residual rate in the lowest energy interval (2-6) keV satisfying all the 
features expected for a WIMP component in the galactic halo is supported by 
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the data of the seven annual cycles at 6.3 a C.L.. This is the experimental result 
of DAMA/Nal. It is model independent; no other experiment whose result can 
be directly compared with this one is available so far in the field of Dark Matter 
investigation. 



4 Corollary Result: Quests for a Candidate Particle in 
Some Model Frameworks With the Data of the Seven 
Annual Cycles 

On the basis of the obtained model independent result, corollary investigati- 
ons can also be pursued on the nature and coupling of the WIMP candidate. 
This latter investigation is instead model dependent and - considering the large 
uncertainties which exist on the astrophysical, nuclear and particle physics as- 
sumptions and on the parameters needed in the calculations - has no general 
meaning (as it is also the case - as mentioned above - of exclusion plots and of 
the WIMP parameters evaluated in indirect search experiments). Thus, it should 
be handled in the most general way as we have preliminarily pointed out with 
time in the past [17, 18, 19, 20, 21, 22, 23, 24] and we have discussed in some spe- 
cific details in ref. [5]; other efforts on this topic are also in progress. Candidates, 
kinds of WIMP couplings with ordinary matter and implications, cross sections, 
nuclear form factors, spin factors, scaling laws, halo models, priors, etc. are dis- 
cussed in details in ref. [5] and we invite the reader to this reference since these 
arguments are necessary to correctly understand the results obtained in corollary 
quests and the real validity of any claimed model dependent comparison in the 
field. The results presented in ref. [5] and summarised here are, of course, not 
exhaustive of the many possible scenarios which at present level of knowledge 
cannot be disentangled. Some of the open questions are: i) which is the right 
nature for the WIMP particle ii) which is its right couplings with ordinary 
matter (mixed SI&SD, purely SI, purely SD or preferred inelastic) iii) which are 

Several candidates fulfil the cosmological and particle Physics requirements neces- 
sary in order to be considered as a Dark Matter candidate particle: not only the 
neutralino foreseen in the supersymmetric theories, but also a heavy neutrino of a 
4^^ family (there is still room for it as reported in literature), the sneutrino in the 
scenario described by [14] (providing - through the transition from lower to up- 
per mass eigenstate - preferred inelastic scattering with target- nuclei) , the “mirror” 
Dark Matter [26], etc.. Moreover, in principle whatever Weakly Interacting, neutral, 
(quasi-) stable and Massive (whose acronym is WIMP) particle, even not yet foreseen 
by a theory, can be a suitable candidate. As regards in particular the neutralino, we 
note that the theories have not stringent predictive capability for its cross sections 
and for its mass because of the large number of free parameters in the theory and 
of the several assumptions required; thus, e.g. the expectations for its nuclear cross 
sections span over several orders of magnitude as it can also be seen in literature. In 
addition, we take this occasion to remind that the neutralino has both SI and SD 
couplings with the ordinary matter. 
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the right form factors and related parameters for each target nucleus; iv) which 
is the right spin factor for each target nucleus (some nuclei are disfavoured to 
some kinds of interactions; for example, in case of an interaction with SD com- 
ponent even a nucleus sensitive in principle to SD interaction could be blinded 
by the spin factor if unfavoured by the 0 value^^); v) which are the right scaling 
laws (let us consider as an example that even in a MSSM framework with purely 
SI interaction the scenario could be drastically modified as discussed recently in 
ref. [27]); vi) which is the right halo model and related parameters; vii) which are 
the right values of the experimental parameters within their uncertainties; etc. 
As an example, we remind that not only large differences in the measured rate 
can be expected when using target nuclei sensitive to the SD component of the 
interaction (such as e.g. and with respect to those largely insensitive 

to such a coupling (such as e.g. and but also when using different 

target nuclei although all - in principle - sensitive to such a coupling (compare 
e.g. the Xenon and Tellurium cases with the Sodium and Iodine cases) [5]. 

In the following some of the results discussed for some of the many possi- 
ble model dependent quests for a WIMP candidate are briefly reminded [5]. In 
particular, they have been obtained from the data collected during all the seven 
annual cycles, considering the halo models summarized in [24, 5] for three of the 
possible values of the local velocity vq: 170 km/s, 220 km/s and 270 km/s. The 
escape velocity has been maintained at the fixed value: 650 km/s. It is worth to 
note that the present existing uncertainties on the knowledge of the escape ve- 
locity can play a relevant role in evaluating allowed regions (and corresponding 
best fit values for WIMP mass and cross section) e.g. in the cases of preferred 
inelastic WIMPs and of light mass WIMP candidates; its effect would be instead 
marginal at large WIMP masses. The possible scenarios have been exploited for 
those halo models in some discrete cases including some of the uncertainties 
which exist in the parameters of the used nuclear form factors and in the quen- 
ching factors; for the details see ref. [5]. The results summarised here are not 
exhaustive of the many scenarios possible at present level of knowledge: e.g. for 
some other recent ideas see the already quoted [15, 27]. 

For simplicity, here the results of these corollary quests for a candidate par- 
ticle are presented in terms of allowed regions obtained as superposition of the 
configurations corresponding to likelihood function values distant more than 4cr 
from the null hypothesis (absence of modulation) in each of the several (but still 
a limited number) of the possible model frameworks considered here. Obviously, 
larger sensitivities than those reported in the following figures would be reached 
when including the effect of other existing uncertainties on the astrophysical, 
nuclear and particle Physics assumptions and related parameters; similarly, the 
set of the best fit values would also be enlarged as well. 



We remind that tgO = an jap is the ratio between the WIMP-neutron and the 
WIMP-proton effective SD coupling strengths, an and Up, respectively [22, 5]; 0 is 
defined in the [0,7r) interval. 
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As well known, DAMA/Nal is intrinsically sensitive both to low and high 
WIMP mass having both a light (the ^^Na) and a heavy (the target-nucleus; 
in previous corollary quests WIMP masses above 30 GeV (25 GeV in ref. [17]) 
have been presented [18, 20, 22, 23, 24] for few (of the many possible) model 
frameworks. However, that bound holds only for neutralino when supersymme- 
tric schemes based on GUT assumptions are adopted to analyse the LEP data 
[28]. Thus, since other candidates are possible and also other scenarios can be 
considered for the neutralino itself as recently pointed out the present model 
dependent lower bound quoted by LEP for the neutralino in the supersymme- 
tric schemes based on GUT assumptions (37 GeV [32]) is simply marked in the 
following figures. It is worth to note that when this mass limit is adopted, it sel- 
ects the WIMP-Iodine elastic scattering as dominant because of the used scaling 
laws and of kinematical arguments. Finally, the prior from DAMA/NaI-0 has 
properly been considered as well. 

WIMPs with Mixed SI&:SD Interaction. The most general scenario of 
WIMP nucleus elastic interaction, to which the DAMA/Nal target nuclei are 
fully sensitive, is the one where both the SI and the SD components of the cross 
section are present. Thus, as first we introduce here the case for a candidate 
with both SI and SD couplings to ordinary matter [5] similarly as we did in the 
past also in ref. [22] on partial exposure. In this general scenario the space of 
the free parameters is a 4-dimensional volume defined by mw^ 
and 0 (which varies from 0 to tt). Thus, the general solution would be a four 
dimensional allowed volume for each considered model framework. Since the 
graphic representation of this allowed volume is quite difficult, we only show in 
Fig. 4 the obtained regions in the plane ^<Jsi vs ^(Tsd for some of the possible 0 
and mw values in the model frameworks considered here. In particular, we report 
just four couplings, which correspond to the following values of the mixing angle 
0: i) ^ = 0 {an =0 and Up 7 ^ 0 or |ap| >> |an|) corresponding to a particle with 
null SD coupling to neutron; ii) ^ = 7t/4 (a^ = «n) corresponding to a particle 
with the same SD coupling to neutron and proton; iii) ^ = 7t/2 (a^ 7 ^ 0 and = 
0 or \an\ >> \dp\) corresponding to a particle with null SD couplings to proton; 
iv) 0 = 2.435 rad (^ = -0.85) corresponding to a particle with SD coupling 
through Zq exchange. The case ap = —an is nearly similar to the case iv). 

From the given figures it is clear that at present either a purely SI or a purely 
SD or a mixed SI&SD configurations are supported by the experimental data of 
the seven annual cycles. 

WIMPs with Dominant SI Interaction. Generally, the case of purely SI cou- 
pled WIMP is mainly considered in literature. In fact, often the spin-independent 
interaction with ordinary matter is assumed to be dominant since e.g. most of 

In fact, when the assumption on the gaugino-mass unification at GUT scale is re- 
leased neutralino masses down to ~ 6 GeV are allowed [29, 30, 31]. 

C (^ < 1) is defined here as the fractional amount of local WIMP density. 
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Fig. 4. Case of a WIMP with mixed SI&SD interaction in the given model frameworks. 
Coloured areas: example of slices (of the allowed volume) in the plane ^crsi vs 
for some of the possible mw and 9 values. Inclusion of other existing uncertainties on 
parameters and models would further extend the regions; for example, the use of more 
favourable form factors and/or of more favourable spin factors than the considered 
ones would move them towards lower cross sections. For details see [5]. 



the used target-nuclei are practically not sensitive to SD interactions (as on the 
contrary ^^Na and are) and the theoretical calculations are even much more 
complex and uncertain. 

Thus, following an analogous procedure as for the previous case, we have 
exploited for the same model frameworks the purely SI scenario. In this case the 
free parameters are two: mw and ^asi- 




554 



R. Bernabei et al. 



- 1 



D 10 



10 

10 

10 




0 200 400 



(GeV) 




Fig. 5. On the left : Case of a WIMP with dominant SI interaction for the given 
model frameworks. Region allowed in the plane (mw, ^crsi). The vertical dotted line 
represents a bound in case of a neutralino candidate when supersymmetric schemes 
based on GUT assumptions are adopted to analyse the LEP data; the low mass region 
is allowed for neutralino when other schemes are considered and for every other WIMP 
candidate; see text. While the area at WIMP masses above 200 GeV is allowed only 
for few configurations, the lower one is allowed by most configurations (the colored 
region gathers only those above the vertical line) [5]. The inclusion of other existing 
uncertainties on parameters and models would further extend the region; for example, 
the use of more favourable SI form factor for Iodine alone would move it towards lower 
cross sections. On the right : Example of the effect induced by the inclusion of a SD 
component different from zero on allowed regions given in the plane ^crsi vs mw • In 
this example the Evans’ logarithmic axisymmetric C2 halo model with uo — 170 km/s, 
po equal to the maximum value for this model and a given set of the parameters’ values 
(see [5]) have been considered. The different regions refer to different SD contributions 
for the particular case of ^ = 0: asD — 0 ph (a), 0.02 pb (b), 0.04 pb (c), 0.05 pb (d), 
0.06 pb (e), 0.08 pb (f). Analogous situation is found for the other model frameworks. 



In Fig. 5 - left the region allowed in the plane mw and ^<jsi for the consi- 
dered model frameworks is reported. The configurations below the vertical line 
are of interest for neutralino when the assumption on the gaugino-mass unifica- 
tion at GUT scale is released and for every other kind of WIMP candidate. As 
shown in Fig. 5 - left , also WIMP masses above 200 GeV are allowed for some 
configurations; details can be found in ref. [5]. Of course, best fit values of cross 
section and WIMP mass span over a large range in the considered frameworks. 

Let us now point out, in addition, that configurations with ^asi even much 
lower than those shown in Fig. 5 - left are accessible in case an even small SD 
contribution is present in the interaction. This possibility is clearly pointed out 
in Fig. 5 - right where an example of allowed regions in the plane {mwi 
corresponding to different SD contributions is reported for the case ^ = 0. As it 
can be seen, increasing the SD contribution the allowed regions involve SI cross 
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sections much lower than 10~® pb. It can be noted that for csd ^ 0-08 pb the 
annual modulation effect observed is also compatible - for mw — 40 — 75 GeV 
- with a WIMP candidate with no SI interaction at all. Analogous situation is 
found for the other model frameworks. 

WIMPs with Dominant SD Interaction. Let us now focus on the case of 
a candidate with purely SD coupling to which DAMA/Nal is - as mentioned - 
fully sensitive. 




Fig. 6. Case of a WIMP with dominant SD interaction in the given model frameworks. 
An example of the region allowed in the plane (mw<, here 0 = 2.435, Zq coupling, 

{6 is defined in the [0,7t) range). For the definition of the vertical line and of the 
coloured area see previous figure caption; see also text. Inclusion of other existing 
uncertainties on parameters and models (as discussed in ref. [5]) would further extend 
the SD allowed regions. For example, the use of more favourable SD form factors and/or 
more favourable spin factors would move them towards lower cross sections. Values of 
^crsD lower than those corresponding to these allowed regions are possible also e.g. in 
case of an even small SI contribution (see ref. [5]). 



When the SD component is different from zero, a very large number of possi- 
ble configurations is available. In fact, in this scenario the space of free parame- 
ters is a 3-dimensional volume defined by mw, and 9 (which can vary from 

0 to 7t). Here, just as an example we show the results obtained only for a parti- 
cular coupling, which correspond to a mixing angle 0 = 2.435 (Zq coupling); see 
Fig. 6; other configurations are possible varying the 9 value. The area at WIMP 
masses above 200 GeV is allowed for low local velocity and all considered sets of 
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parameters by the Evans’ logarithmic C2 co-rotating halo model [5]. Moreover, 
the accounting for the uncertainties e.g. on the form factors and/or on the spin 
factors as well as different possible formulations of the SD form factors would 
extend the allowed regions, e.g. towards lower ^cjsd values. Finally, ^(Jsd lower 
than those corresponding to the regions shown in Fig. 6 are possible also e.g. in 
case of an even small SI contribution (see ref. [5]). 

WIMPs with Preferred Inelastic interaction. An analysis considering the 
same model frameworks has been carried out for the case of WIMPs with 
preferred inelastic interaction [14] as we did also in the past in ref. [23] on partial 
exposure. 

In this inelastic Dark Matter scenario an allowed volume in the space (^CTp, 
mw^ is obtained; 6 is the mass splitting of the WIMP particle which can be 
excited following an inelastic interaction [14, 23, 5]. For simplicity. Fig. 7 shows 
slices of such an allowed volume at some given WIMP masses. There the super- 
positions of the allowed regions obtained, when varying the model framework 
within the considered set [5], are shown for each mw- We remind that in these 
calculations Vesc has been assumed at fixed value (as in the previous cases) , while 
its present uncertainties can play a significant role in this scenario of WIMP with 
preferred inelastic scattering. 

Conclusion. In this section we have briefly summarized some quests for the 
candidate particle in some of the many possible scenarios. We further stress 
that, although several scenarios have been investigated, these corollary analyses 
are not exhaustive at all because of the present poor knowledge on many astro- 
physical, nuclear and particle Physics needed assumptions; moreover, additional 
scenarios can also be possible as also shown e.g. by some recent papers appeared 
in literature. Other model dependent quests are already under consideration. 



5 The Second Generation: DAM A/LIBRA 

In 1996 a ton set-up was proposed by Bernabei et ah; as a consequence a new 
R&D for Nal(Tl) radiopurification has been carried out and the second gene- 
ration set-up DAMA/LIBRA (~250 kg Nal(Tl)) has been funded and realised 
as an intermediate step. This R&D with Crismatec-St. Gobain company has ex- 
ploited for the first time new chemical/physical radiopurification procedures in 
Nal and Til powders already selected for radiopurity. In addition, new selected 
materials and set-up components as well as new protocols have been employed 
for building DAMA/LIBRA. 

In 2002 ended the production of detectors and of new parts of the installation 
for DAMA/LIBRA. Thus, after July 2002 - at the completion of its data taking - 
DAMA/Nal was fully dismounted and the installation of the new DAMA/LIBRA 
started. The experimental site as well as many components of the installation 
itself were implemented (environment, shield of PMTs, wiring, HP Nitrogen 
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Fig. 7. Case of a WIMP with preferred inelastic interaction in the given model fra- 
meworks. Examples of slices (coloured areas) of the allowed volumes (^cr^, raw) 
for some mw values for WIMP with preferred inelastic interaction. Inclusion of other 
existing uncertainties on parameters and models would further extend the regions; for 
example, the use of a more favourable SI form factor for Iodine and different escape 
velocity would move them towards lower cross sections [5]. 



system, cooling water of air conditioner, electronics and DAQ, etc...). Before 
the installation, all the Cu parts were chemically etched following a devoted 
protocol and maintained in HP Nitrogen atmosphere. In addition, all the proce- 
dures performed during the dismounting of DAMA/Nal and the installation of 
DAMA/LIBRA were carried out in HP Nitrogen atmosphere. This was realised 
by using a Scuba system (a self-contained underwater breathing apparatus) mo- 
dified in order to avoid that the entire breath is expelled into the surrounding 
air when the operator exhales; the air cylinders were kept five meters away and 
the output line was two meters long. 
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Fig. 8. DAMA/LIBRA: a view of the detectors inside the inner Cu box at end of 
installation (photo taken in HP Nitrogen atmosphere). All the used materials have 
been deeply selected for radiopurity. 



The new DAMA/LIBRA, having an exposed mass of 250 kg, an higher 
overall radiopurity and improved performances, offers an increased experimental 
sensitivity to further investigate the DAMA/Nal observed effect and to improve 
investigations on the nature of the candidate particle trying to disentangle among 
different possible astrophysical, nuclear and particle Physics models as well as 
other new possible scenarios. See just as an example of new ideas the case of the 
mirror Dark Matter [26], the case of a contribution to the dark halo from the 
Sagittarius Dwarf Tidal Stream [15], the case of possible different nuclear scaling 
laws even for the neutralino candidate in MSSM [27], etc.. Moreover, the low 
background DAMA/LIBRA offers a powerful tool for the Dark Matter investi- 
gation in the future since it is e.g. sensitive: i) both to low (through interaction 
on ^^Na) and to high (through interaction on ^^^I) mass Dark Matter particles; 
ii) both to mixed SI&SD, to purely SI, to purely SD couplings and to preferred 
inelastic scattering as well as to other possible kind of Dark Matter candidates 
(e.g. mzrror Dark Matter). 

DAMA/LIBRA has started the preliminary data taking on March 2003 and 
it has been planned to run for several years. At present a new R&D effort toward 
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the possible Nal(Tl) ton set-up has been funded and related works have already 
been started. 



6 Conclusion 

DAMA/Nal has been a pioneer experiment running at LNGS for about a decade 
and investigating as first the WIMP annual modulation signature with suitable 
exposed mass, sensitivity and control of the running parameters. During seven 
independent experiments of one year each one, it has pointed out the presence 
of a modulation satisfying the many peculiarities of a WIMP induced effect, 
reaching an evidence at 6.3 a C.L.. No other experiment has so far been in 
position to give a result directly comparable in a model independent way with 
that of DAMA/Nal. As a corollary, it has also pointed out the complexity of 
the quest for a WIMP candidate because of the present poor knowledge on the 
many astrophysical, nuclear and particle physics aspects. 

After the completion, on July 2002, of the DAMA/Nal data taking, the 
second generation DAMA/LIBRA set-up (~ 250 kg mass) has been instal- 
led and preliminarily put in operation, as a result of continuous efforts by 
the DAM A collaboration toward the creation of ultimate radiopure Nal(Tl). 
DAMA/LIBRA, having a larger exposed mass and an higher overall radiopurity, 
will significantly contribute in the incoming years to the further understanding 
of the field. Presently, new R&D efforts toward a possible Nal(Tl) ton set-up 
have been funded and related works have already been started. 
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Abstract. The first four naked high purity Germanium detectors were installed suc- 
cessfully in liquid nitrogen in the GENIUS-Test-Facility (GENIUS-TF) in the GRAN 
SASSO Underground Laboratory on May 5, 2003. This is the first time ever that this 
novel technique aiming at extreme background reduction in search for rare decays is 
going to be tested underground. First operational parameters are presented. 

The GENIUS-TF experiment, aims to search for the annual modulation of the Dark 
Matter signal using 40 kg of naked-Ge detectors in liquid nitrogen. It should be able to 
confirm the DAM A result within two or three years of measuring time. 



1 Introduction 

The present status of further cold dark matter search, of investigation of neu- 
trinoless double beta decay and of low-energy solar neutrinos all require new 
techniques of drastic reduction of background in the experiments. For this pur- 
pose we proposed the GENIUS (GErmanium in liquid Nitrogen Underground 
Setup) project in 1997 [1, 2, 3, 4, 5, 6]. The idea is to operate ’naked’ Ge detec- 
tors in liquid nitrogen, and thus, by removing all materials from the immediate 
vicinity of the Ge crystals, to reduce the background considerably with respect 
to conventionally operated detectors. The liquid nitrogen acts both as a cooling 
medium and as a shield against external radiactivity. 

That the removal of material close to the detectors is the crucial point for 
improvement of the background, we know from our experience with the HEIDEL- 
BERG-MOSCOW double beta decay experiment [10, 16], which is the most 
sensitive double beta experiment for 10 years now. Monte Carlo simulations 
for the GENIUS project, and investigation of the new physics potential of the 
project have been performed in great detail, and have been published elsewhere 
[5, 7]. Already in 1997 it has been shown experimentally in our Heidelberg low- 
level facility (shielding ~ 10 mwe) that the techniques of operating ’naked’ Ge 
detectors in liquid nitrogen is working and we were the first to show that such 
device can be used for spectroscopy [5]. 

A small scale version of GENIUS, the GENIUS-Test-Facility has been ap- 
proved by the Gran Sasso Scientific Committee in March 2001. The idea of 
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GENIUS-TF is to prove the feasibility of some key constructional features of 
GENIUS, such as detector holder systems, achievement of very low thresholds of 
specially designed Ge detectors, long term stability of the new detector concept, 
reduction of possible noise from bubbling nitrogen, etc. 

Additionally the GENIUS-TF will improve the limits on WIMP-nucleon cross 
sections with respect to our results with the HEIDELBERG-MOSCOW and 
HDMS experiments [18, 19] thus allowing for a test of the claimed evidence 
for WIMP dark matter from the DAMA experiment [20, 23]. The relatively 
large mass of Ge in the full scale GENIUS-TF compared to existing experiments 
would permit to search directly for a WIMP signature in form of the predicted 
[21] seasonal modulation of the event rate [13]. Introducing the strongly ’cooled 
down’ enriched detectors of the HEIDELBERG-MOSCOW yd^d-experiment into 
the GENIUS-TF setup, may allow,] in a later stage, to improve the present accu- 
racy of the effective Majorana neutrino mass determined recently [8, 9, 10, 16]. 
A detailed description of the GENIUS-TF project is given in [11]. 

After installation of the GENIUSrTF setup between halls A and B in Gran 
Sasso, opposite to the buildings of the HEIDELBERG-MOSCOW double beta 
decay experiment and of the DAMA experiment (Figs. 1, 6), the first four de- 
tectors have been installed in liquid; nitrogen on May, 5 2003 and have started 
operation. This has been reported in [14] and [15]. 

This is the first time ever, that this novel technique for extreme background 
reduction in search for rare decays is tested under realistic background conditions 
in an underground laboratory. 

In section 2 we will describe the actual setup, including the measures ta- 
ken for producing high-purity nitrogen, the measurement system of the liquid 
nitrogen level, the new digital data acquisition system [12], and will present first 
measured spectra. In section 3 briefly we demonstrate the potential of GENIUS- 
TF to probe the DAMA signal for cold dark matter by looking for the expected 
modulation signal. 



2 Description of Setup arid of Present Performance 

On May 5, 2003 the first four naked Ge detectors were installed under clean- 
room conditions into the GENIUS-TF setup. Fig. 3 shows the contacted crystals 
after taking them out of the transport dewars, in the holder made from high- 
purity PA5 (a type a teflon), in which they then are put into liquid nitrogen. 
Each detector has a weight of 2.5 kg. The depth of the core of the detectors was 
reduced to guarantee a very low threshold, estimated by ORTEC to be around 
0.5-0.7keV, with only marginal deterioration of the energy resolution. Fig. 2 
shows the sucessesful team after installation of the first four detectors on May 
5, 2003. 

The copper box is thermally shielded by 20 cm of special low-level styropor, 
followed by a shield of 10 cm of electrolytic copper (15 tons) and 20 cm of low- 
level (Boliden) lead (35 tons). Fig. 5 shows the geometry of the setup. Fig. 4 
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Fig. 1. Location of GENIUS-TF is the building on the right (car in front), opposite 
to the HEIDELBERG-MOSCOW experiment building (left side) (see also Fig. 6). 



shows the setup in the status of not yet fully closed copper and lead shields, 
and the fully closed setup (status December 2, 2003). The setup will finally by 
shielded against neutrons with 10 cm Boronpolyethylene plates. 

The high-purity liquid nitrogen used, is produced by the BOREXINO nitro- 
gen plant, which has been extended for increase of the production capacity to 
be able to provide enough nitrogen also for GENIUS-TF. Liquid nitrogen of 
standard quality (99.99% purity) is directly purified in the liquid phase by an 
adsorber column system, consisting of two independent columns (Low Tempe- 
rature Adsorber - LTA) filled with about 2 kg of ’activated carbon’ each. One of 
them we purchased to supplying GENIUS-TF. The system is designed to conti- 
nuously produce about 150 1 of liquid nitrogen per hour, respectively about 100 
m^/h gaseous nitrogen for both experiments. During the regeneration phase of 
one column the other one is in use. The plant is shown in Fig. 6. For the experi- 
mentally measured strong reduction of Rn by the cryogenic column adsorption 
see [17]. 

The liquid nitrogen (in total ~ 701) is kept in a thin- walled (1mm) box of 
high-purity electrolytic copper of size 50x50x50 cm^. Inside this copper box, i.e. 
also inside the liquid nitrogen, is installed another box with walls of 5 - 10 cm 
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Fig. 2. The sucssesful team after installation of the first four detectors on May 5, 
2003. From left to right: Irina Krivosheina and Claudia Tomei, Hans Volker Klapdor- 
Kleingrothaus, Oleg Chkvoretz and Herbert Strecker. 




Fig. 3. Right: Taking out the crystals from the transport dewars and fixing the el- 
ectrical contacts in" the clean room of the GENIUS-TF building - from left to right: 
Herbert Strecker, Hans Volker Klapdor-Kleingrothaus, Oleg Chkvorets. Left: The first 
four contacted naked Ge detectors before installation into the GENIUS-TF setup. 
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Fig. 4. View of GENIUS-TF in the Gran Sasso Underground Laboratory in Italy. 
Left: The setup with detectors inside, but shielding only partly mounted. In front the 
preamplifier system. Status May 5, 2003. Right: The full shielding of GENIUS-TF, 
status December 2, 2003. 
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monocristalline Ge bricks (~300kg) forming the first highly efficient shield of 
the Ge detectors (see Fig. 5). 

From the production plant the liquid nitrogen is transported by 200 1 vessels 
to the building of the experiment. Filling of the copper container with liquid 
nitrogen is provided by connecting them to the filling system consisting of isola- 
ted teflon tubes as shown in Fig. 7. The nitrogen level in the detector chamber 
is measured by a capacitive sensor consisting of two 40 cm long isolated selected- 
material copper tubes, one inside the other. The change of the medium between 
the tubes by the entering liquid nitrogen leads to a change of the capacity, 
which is measured by subsequent electronics and indicated by LED’s outside 
of the setup. We measure the nitrogen level in ten steps between 0 and 100%. 
GENIUS-TF has to be refilled every two days (with some reserve of one more 
day). 
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Fig. 6. BOREXINO-GENIUS-TF nitrogen purification system in GRAN SASSO (left 
and upper right). The left part shows the absorber column (low temperature absorber - 
LTA) provided by the GENIUS-TF group. The nitrogen is transported by 2001 vessels 
to the GENIUS-TF building (lower right). 



The data acquisition system we developped recently for GENIUS-TF and 
GENIUS is decribed in detail in [12]. It uses multichannel digital processing 
technology with FLASH ADC modules with high sampling rates of 100 MHz 
and resolution of 13 bits. It allows to capture the detailed shape of the pream- 
plifier signal with high-speed ADC, and then perform digitally all essential data 
processing functions, including precise energy measurement over a range of 1 
keV - 3 MeV, rise time analysis, ballistic deficit correction and pulse shape ana- 
lysis. Thus we obtain both the energy and the pulse shape information from one 
detector using one channel of the Flash ADC module. 

To allow for regular calibration of the detectors, a source of fixed on a 

wire can be introduced through a tefion tube into the center among the detectors. 
The source is transported via a magnetic system. The activity of the source is 
401 kBq. 

Fig. 8 shows the dependence of the expected spectrum seen by the four 
detectors as function of the position in the setup {d is the vertical distance of 
the source from the plane, on which the detectors are lying. For d ~ 7-10 cm the 
source is approximately on top of the detectors). 
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Fig. 7. Connections of electronics, liquid nitrogen, source and LN 2 sensor to the inner 
part of GENIUS-TF. 




Energy [keV] 



Fig. 8. Monte Carlo simulation of GENIUS-TF calibration measurements with a mova- 
ble ^^^Ba source, for different source-detector distance, with GEANT4. d is the vertical 
distance of the source from the plane, on which the detectors are sitting (from [15]). 
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Fig. 9. A first spectrum measured with detector 1 with a source outside, and 

the source inside the setup (see [15]). 



Figs. 9, 10 show two spectra measured a few days after installation. A first 
spectrum measured with a source outside the setup, and the source 

inside^ is shown in Fig. 9. The resolution at this moment (two days after instal- 
lation) is 3keV in the 1330 keV region. 

Fig. 10 shows the background, measured with the still open setup to the top. 
When the liquid nitrogen level decreases^ the background slightly increases. This 
shows that the radioactive impurities seen (from and the and ^38^ 

natural decay chains) are located outside the setup. No cosmologically produced 
impurities in the detectors are seen on the present level of sensitivity. 

The effect of microphonics from bubbling in the liquid nitrogen is as far as 
it can be seen now, negligible for high energies, but has to be discriminated by 
pulse shape analysis for low energies. This can be done by the new digital data 
acquisition system [12]. 

3 Searching for the Annual Modulation of Dark Matter 
signal with the GENIUS-TF experiment. 

It is generally assumed that our galaxy is embedded in a halo of dark matter 
particles (WIMPs) with energy density p 0.3 GeV/cm^ and velocities di- 
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Fig. 10, The first background spectrum measured with detector 2 over 40 hours with- 
out shield of the setup to the top (see [15]). 



stributed according to a Maxwellian distribution with parameter vq (defined 

\J (|) and cut-off velocity equal to the escape velocity in the Galaxy 

(Uesc — 650 km/s). 

The recoil spectrum produced by WIMP-nucleus scattering in a target de- 
tector is expected to show the so-called annual modulation effect, due to the 
Earth’s motion around the sun [22]. 

We have investigated the potential of GENIUS-TF for searching for this mo- 
dulation effect [13]. Fig. 11 shows the expected WIMP rate in Ge for different 
masses. Fig. 12 shows the result, which can be obtained after two years of mea- 
surement if a WIPM exists as claimed by DAMA [20] . 



4 Conclusions 



The annual modulation, due to the motion of the earth with respect to the galac- 
tic halo, is the main signature of a possible WIMP signal. A positive indication 
of this modulation has been found over the past years by the DAMA experiment 
and it would be of great importance to look for the same effect with another 
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Fig. 11. Expected WIMP rate in Ge for mw— 40, 60, 80, 100 GeV (from top to 
bottom) and croe = 10“^^ cm^: a) time-independent component of the signal {So) ; b) 
amplitude of the modulated component {Sm) (from [13]). 
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(see [13]) and has to be interpreted as the result that can be given by GENIUS-TF 
after two years of measurement if a WIMP exists with the properties assumed so far 
(from [13]). 



experiment, expecially in the region of the WIMP parameter space indicated by 
the DAMA results. 

The GENIUS-TF experiment [15, 11], a prototype for the GENIUS experi- 
ment with a mass of 40 kg and a background of 4 counts/ (kg y keV), can be used 
to look for Dark Matter, not only through the direct detection of WIMP-induced 
nuclear recoils, but also through the annual modulation of the experimental rate. 
GENIUS-TF will be - in addition to DAMA [25] - the only experiment which will 
be able to probe the annual modulation signature in a foreseeable future (see 
Figs: 11, 12). The at present much discussed cryo detector experiments, such as 
CDMS [26], GRESST [27], EDELWEISS [28] have at present no chance to do 
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this because the mass projected to be in operation in these experiments is by 
far too low (see also [24]). 

The first four naked Ge detectors (10 kg) have been installed in liquid nitro- 
gen into the GENIUS-Test-Facility in the GRAN SASSO Underground Labora- 
tory on May 5, 2003. This is the first time that this novel technique is applied 
under realistic background conditions of an underground laboratory. With the 
successful start of GENIUS-TF a historical step has been achieved into a new 
domain of background reduction in underground physics in the search for rare 
events - and at the same time, a first experimental step to GENIUS. Besides 
testing of constructional parameters for the GENIUS project one of the first 
goals of GENIUS-TF will be to test the signal of cold dark matter reported by 
the DAMA collaboration [20, 23]. 
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Abstract. The latest results obtained by the EDELWEISS WIMP (Weakly Inter- 
acting Massive Particles) direct detection experiment using three heat-and-ionisation 
320 g germanium bolometers are presented. Presently the most sensitive WIMP Di- 
rect Detection experiment for WIMP mass > 30 GeV, EDELWEISS-I is testing a first 
region of SUSY models compatible with accelerator constraints. The status and main 
characteristics of EDELWEISS-II, involving in a first stage 28 germanium bolometers, 
and able to accommodate up to 120 detectors, are briefly presented. 



1 Introduction: Motivations 

The case for non baryonic dark matter has become compelling over the last few 
years. After the recent satellite WMAP precision measurements of the Cosmolo- 
gical Microwave Background (CMB) [1], the precision on the universe density is 
now a few percent and ft ~ 1.02 ±0.02. On the other hand, the recent apparition 
in the cosmological landscape of a non-zero cosmological constant or some other 
quintessential component has brought some uneasiness to an emerging Standard 
Model: our Universe appears to be a strange mixture of 2/3 of some cosmological 
repulsive component, 1/3 of exotic matter, with only a few percent of ordinary 
matter: 95% of the universe content is unkown. The baryonic density, ftharyon^ 



576 Gabriel Chardin et al. 

is impressively constrained by primordial nucleosynthesis [2] and cosmological 
constraints to be ~ 4.4 ±0.2%, implying that matter is composed at nearly 85% 
of a mostly unobserved and non-interacting component. 

Although we have now good evidence that neutrinos are indeed massive, 
the sensitivity reached by present searches excludes that neutrinos can fill the 
gap: experimental constraints impose that they contribute at most to 10% of the 
missing mass. Generically predicted by supersymmetric (SUSY) theories. Weakly 
Interacting Massive Particles (WIMPs) then provide a well motivated candidate 
to solve the missing matter enigma while, for the first time, direct and indirect 
detection experiments are beginning to test regions of supersymmetric model 
parameter space compatible with cosmological and accelerator constraints. 

In the following, we will summarize the strategy and main results obtained 
by the EDELWEISS-I experiment in the direct detection of dark matter, using 
heat-and-ionization cryogenic Ge detectors. The experiment, which has been 
described elsewhere [3] , is set in the low- background environment of the Modane 
Underground Laboratory (LSM), which reduces the muon cosmic background by 
a factor ~ 2 x 10^ compared to the flux at sea level. The neutron flux originating 
from the rock has been measured to be ~ 1.4 x 10“^ cm~^ s“^. In the present 
EDELWEISS-I setup, this neutron flux, in the MeV range, is strongly attenuated 
and degraded in energy by a paraffin shielding of thickness ~ 30 cm. During the 
last four years, a series of data takings using several 320 g Ge detectors have 
allowed EDELWEISS to achieve the best sensitivity to WIMP interactions for 
all WIMP mass > 30 GeV. 
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Fig. 1. Distribution of the quenching factor versus recoil energy for the 2003 low back- 
ground data using three 320 g Ge bolometers. Events observed both in the nuclear 
recoil band and below this band arrived within a period a period of a few days, compa- 
red to a total data taking period of ~ 3 months. Conservatively, the events observed in 
the nuclear recoil band are considered as real nuclear recoil events. The two lines which 
can be observed at ~ 9.0 keV and ~ 10.4 keV are due to the cosmogenic activation of 
germanium. The nuclear recoil band is determined by the condition of 90% acceptance. 
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2 Experimental Results 

The Ge detectors presently used in the EDELWEISS experiment are described in 
Ref. [4, 5]. These detectors have a cylindrical geometry (70 mm diameter and 20 
mm thickness) and their edges are beveled at an angle of 45 degrees to improve 
charge collection near free lateral detector surfaces. Two distinct Al electrodes, 
a central and a guard ring electrode, are used for charge collection. The thermal 
sensor is a Neutron Transmutation Doped Germanium crystal (Ge-NTD) of few 
mm^ glued onto the guard ring. Out of a total of seven 320 g bolometers, four 
were equipped with an additional 60nm thick Ge or Si amorphous layer providing 
improved charge collection efficiency for near surface events [ 6 ]. 

Since January 2002 , three 320 g detectors have been simultaneously ope- 
rated in the EDELWEISS-I cryostat, all the signals being numerically filtered 
and triggered online. The quality of the LSM experimental site combined with 
copper, lead and paraffin shielding of the cryostat [7] as well as material selec- 
tion in the close vicinity of the detectors reduces the 7 -ray background down to 
~ 1.5 events/ (keV x kg x day) in the low energy interval relevant to WIMP 
interactions, and before background rejection. The residual neutron backgro- 
und after these shieldings is estimated to be 0.03 events/(kg x day) above 
20 keV [ 8 ]. 



3 Detector Calibration 



The heat and ionization responses to 7 -ray particles were calibrated using ^^Co, 
^^Co and ^^^Cs sources. Ionization baseline resolutions are better than 1.5 keV 
FWHM for all channels, and the heat baseline FWHM resolution range from 
0.4 keV to 1 keV depending on the detector. The recoil energy threshold using 
ionization triggering was 20 keV for the GSA3 detector, and 30 keV for the 
GGA3 and GSAl detectors (> 99% efficiency). A summary of the bolometers 
baselines, resolutions and thresholds can be found in Ref. [5]. 

Owing to the simultaneous measurement of heat and ionization, the major 
part of the background signal in these detectors can be rejected. Indeed, nuclear 
recoils induced by neutrons and WIMPs are less ionizing than electron recoils 
induced by 7 -rays. The separation efficiency between electron and nuclear recoils 
is a very important feature for this type of detectors. It is regularly controlled by 
measuring the quenching factor Q (ratio of the ionization to recoil energy) during 
7 -ray calibrations. In particular, surface electron recoil events are associated with 
incomplete charge collection, and give a lower Q factor, which could make them 
confused with nuclear recoil events. We observe that charge collection efficiency 
for surface events is much better for detectors equipped with amorphous Si or 
Ge layers, and have measured that << 0.03% of events are found in the recoil 
band during 7 -ray calibrations. 
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4 Results and Discussion 

Three periods of low background data have been realized using different bolo- 
meters. During the 2000 and 2002 runs, a total of 11.6 kg x days of data were 
accumulated using the GeA16 and GGAl detectors [9, 10]. We will focus here on 
a new 2003 data taking period, which accumulated an additional set of 18.9 kg x 
days, based on three new detectors, GGA3, GSAl and GSA3. The corresponding 
Q versus recoil energy diagrams are plotted in Fig. 1. The three detectors show 
very similar behavior with only two events lying into the neutron recoil band. 
These two events, together with three events at very low quenching factors, were 
all recorded within a few days. Conservatively, these two events are considered 
as real nuclear events. 




Fig. 2. Experimental sensitivities of the present most sensitive WIMP direct detection 
experiments (from Ref. [20]). The EDELWEISS result, without background subtrac- 
tion, excludes the full 3-cr zone of the DAM A signal (upper left corner) compatible 
with accelerator constraints, independently of the WIMP halo model parameters. The 
two shaded regions represent the phase space of SUSY models with present accelera- 
tor and (g — 2)y^ constraints. The parameter independent lower limit on the WIMP-p 
cross-section can be seen to be ~ 10“^^ pbarn. 
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Under this conservative hypothesis, the spin-independent exclusion limit for 
WIMP-nucleon cross section derived from these data, with a cumulated statistics 
of 30.5 kg X day, is almost identical to and confirms the sensitivity reached in 
the 2000-2002 data takings. Fig, 2 shows the present EDELWEISS sensitivity, 
together with the constraints of the presently most sensitive experiments. In 
particular, the WIMP cross-section associated with the best fit to the DAM A 
annual modulation candidate [11, 12], assuming standard halo parameters [13], 
is excluded at > 99.99% confidence level. 

The DAM A group has contested this contradiction, invoking the uncertainty 
in the WIMP halo parameters. But Copi and Krauss [14] have recently shown 
that the contradiction remains mo del- independent when the relative sensitivity 
of both experiments is considered, unless unconventional couplings are used. A 
mixture of spin-dependent and spin-independent couplings has also been pro- 
posed to reconcile the conflicting experimental results between EDELWEISS 
and CDMS on the one hand, and DAMA on the other. But Kurylov and Ka- 
mionkowski [15] have shown that, except in a very small region in phase space 
in the WIMP-proton/WIMP-neutron plane, it seems impossible to reconcile the 
DAMA result with the EDELWEISS and CDMS negative results for all WIMP 
mass >18 GeV. 



5 Compared Sensitivities of EDELWEISS and 
Indirect Detection Experiments 

Despite their small interaction cross-section with ordinary matter, WIMPs can 
be captured by celestial bodies, such at the Sun or the Earth [16]. The neutrino 
signal emitted during WIMP annihilations may constitute a powerful signature 
as the signal is directional and sources opaque for 7 -ray emission can be observed. 
Three main potential sources have been studied: the Earth, the Sun and the 
Galactic Center region. 

The overwhelming muon background coming from the above horizon hemis- 
phere imposes to have a detector with directional capabilities, to distinguish 
upward going muons, associated with neutrino interactions, from the huge back- 
ground of down-going cosmic-ray remnants. Cerenkov detectors provide an ele- 
gant solution to this experimental challenge, with large and unexpensive target 
mass. 

Indirect detection experiments include Baksan [ 21 ], Macro [ 22 ], now dismant- 
led, and SuperKamiokande [23] for the deep underground detectors, together 
with AMANDA [24] and Baikal [25] for, respectively, under-ice and underwater 
detectors. 

The AMANDA [24], Baksan [ 21 ], MACRO [ 22 ] and Super-Kamiokande [23] 
underground experiments have published sensitivity limits to WIMP disinte- 
grations derived from the observation of high-energy neutrino interactions. The 
presently most sensitive indirect search experiment for spin-independent WIMP 
interactions is SuperKamiokande, using a 3.5 years data sample and a 50 kilo- 
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ton target. AMANDA-B and Baksan are reaching somewhat lesser but similar 
sensitivities. The degraded sensitivity of AMANDA at lower energies can be at- 
tributed to its higher energy threshold. Figures 3 and 4 compare the sensitivities 
reached by EDELWEISS and the indirect detection experiments. 

Future experiments include ICECUBE [27], a km^ extension of the AMAN- 
DA-B detector, together with ANTARES [28], a European collaboration in the 
Mediterranean sea. NESTOR and NEMO are two other projects based in the 
Mediterranean sea, with sensitivities similar to ANTARES. 

ANTARES, in its 0.1 km^ version, plans to increase the present indirect 
detection sensitivity by a factor ~ 3 and ICECUBE is expected to increase the 
ANTARES sensitivity by a further factor ~ 5, at least for high WIMP mass. 
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Fig. 3. WIMP annihilation in the Sun vs. EDELWEISS direct detection: compared sen- 
sitivities of the present and future WIMP searches (from Ref. [26] ). The EDELWEISS 
direct search (noted SI (spin-independent) is excluding SUSY models represented by 
full dots. Improvement in the sensitivity of direct detection experiments by a factor 10 
will allow to sample the region marked with -h symbols. The target sensitivities of the 
future ICECUBE and ANTARES experiments are also presented on the figure as the 
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Fig. 4. WIMP annihilation in the Earth vs. EDELWEISS direct detection : com- 
pared sensitivities of the present and future WIMP searches (from Ref. [26] ). The 
EDELWEISS direct search (noted SI (spin-independent) is excluding SUSY models re- 
presented by full dots. Improvement in the sensitivity of direct detection experiments 
by a factor 10 will allow to sample the region marked with -f symbols. The target 
sensitivities of the future ICECUBE experiment is also presented on the figure as the 
lower dotted curve. 



This experiment benefits from a larger detection area, in the km^ range, but 
the diffusion of Cerenkov photons in the ice is expected to lead to a degraded 
angular resolution at low muon energies. 

The target sensitivities of the ICECUBE and ANTARES experiments are 
shown on Figures 3 and 4. 

It can be seen on these figures that even ICECUBE can hardly compete with 
the present EDELWEISS sensitivity using neutrino emission from the Earth. 
The situation is more interesting for the constraints which can be derived from 
observations of neutrino emission from the Sun. Here, indirect searches remain 
competitive even when compared to the next generation of direct searches, such 
as EDELWEISS-II, CDMS-II, CRESST-II or ZEPLIN-II, and can observe sig- 
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nificant muon fluxes for models inaccessible to direct detection methods, due to 
their better sensitivity for predominantly axial, or spin-dependent, couplings. 



6 Towards EDELWEISS-II 

and Further Detector Developments 

An improved acquisition system with very low energy threshold has been 
realized in the EDELWEISS-I experiment and data have been accumulated 
with close to 100% detection efficiency at ErecoU = 10 keV. By the end of 
2003, the EDELWEISS-I experiment will be dismounted and installation of the 
EDELWEISS-II experiment will take place. 

The goal is an increased sensitivity by a factor of 100 in terms of WIMP 
cross section exclusion limit. A new very low radioactivity cryostat able to cool 




Fig. 5. Drawing of the EDELWEISS-II detector set-up. Up to 120 Ge detectors of 
mass 320 g can be accommodated in a compact hexagonal arrangement at 10 mK. 
The lower plate, made of ultra-pure archeological lead, shields the detectors from the 
radioactivity of the dilution cryostat (not shown). 
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120 detectors down to lOmK is presently tested in the CRTBT laboratory in 
Grenoble (Fig, 5). In addition to 21 NTD-Ge equipped 320g bolometers, the first 
stage of EDELWEISS II will include seven 400g detectors, based on NbSi thin 
film thermistors capable of identifying near-surface events [29, 30], Furthermore, 
implementation of charge pulseshape analysis on both type of detectors will allow 
event localization and greatly improve control of space-charge creation [31, 32], 
An improved polyethylene 50 cm thick shielding combined with the installation 
of a muon veto around the Pb shielding of the cryostat will further reduce 
the neutron background of the bolometers at a level below 0.01 event/kg/day. 
EDELWEISS-II should then be able to probe much more deeply the region of 
more favored SUSY models [33] and, hopefully, to detect WIMP candidates. 
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Direct Search for Dark Matter Particles 
with Very Large Detectors 
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Abstract. We briefly discuss the expected level of supersymmetric dark matter cross- 
sections as a reference for dark matter detectors. We then discuss the current ZEPLIN 
II program as a prototype of large liquid Xenon detectors. Cryoarray is a possible 
cryogenic detector. Finally we discuss ZEPLIN IV and other one ton liquid Xenon 
detectors and the limiting backgrounds for such detectors. 



1 Introduction 

The current situation in SUSY dark matter search is this [1]: 

(a) The DAM A result is challenged by recent limits on the detection from 
CDMS I (2000 and 2003 results), Edelweiss and ZEPLIN I. This mixture of 
detectors presents a diversity of target masses and spins. A careful study is 
needed to see if there is any way to make these results consistent. 

(b) Nearly all calculations for the expected rate give a low value, well below 
current limits. At least 4 groups agree on these predictions. 

(c) The next generation detectors, Edelweiss II, CDMS II, ZEPLIN II and 
others, can expand the search by about a factor of 10^ (to 10~^ events/kg/day). 
At this level all detectors will likely see neutron background events. 

In order to go to a more sensitive region and possibly cover the entire SUSY 
expectations three developments are needed: 

i) At least one ton discriminating detector (ZEPLIN IV, Cryo Array, etc.) 

ii) A clear understanding of how to handle or eliminate the neutron back- 
ground. 

iii) A method to compare the different experiments. 

These experiments need to get to 10“^^ cm^ in the detector or a neutron flux 
of 10“^^ sec~^ at the detector. We first turn to the neutron background. 



2 Study of the Neutron Background 

Peter Smith, Hanguo Wang and the author are studying the current observations 
of neutrons in underground laboratories and will carry out calculations of the 
different sources of neutrons [2]. The required depth of the laboratory can be 
determined. 
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Fig. 1. Schematic of the neutron background study at UCLA. 



A schematic of our study of neutron backgrounds for the future SUSY- WIMP 
search is shown in Figure 1. 

A recent measurement of the neutron flux at the Gran Sasso shows an un- 
expected feature of higher energy neutrons (see Fig. 2). For this reason a careful 
study of sources of neutron background is underway at UCLA [2]. Currently we 
do not know if a site like Boulby is deep enough to reduce the neutron backgro- 
und. The new SNO Lab may be deep enough in this case. 

The added structure in this distribution above 5 MeV is difficult to under- 
stand and perhaps could be a problem for future searches. 



3 Sensitivity of Detectors to Different WIMP Masses and 
Astrophysical Uncertainties 

There seems to be a great deal of confusion on how to compare the data from 
the DAM A, CDMS, Edelweiss and ZEPLIN I experiments. Two methods are 
used: 
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Fig. 2. Recent measurement of the neutron background flux at the LNGS by the 
ICARUS team. 



a) Each experiment claims a certain region of exclusion or discovery in the 
cross-section/ WIMP mass plot 

b) An attempt is made to carry out a joint analysis of the DAMA and CDMS 
or Edelweiss data. In the latter case the most recent CDMS paper reports a 99.9% 
exclusion of the DAMA discovery region. Both kinds of analysis have problems, 
in my opinion. 

Recently Copi and Krauss (Ref. 3) have attempted to compare the sensitivity 
of the DAMA and CDMS results with different types of astrophysical models 
of the galactic halo. They conclude that the different models do not change 
appreciably the ratio of DAMA to CDMS sensitivity and agree that the results 
are not compatible. More recently Bottino and collaborators have also examined 
these claims [4] . 

In order to compare these results more model independent methods are re- 
quired. We believe the key is the minimal velocity required to produce a given 
energy deposition in a detector as a function of WIMP mass. This velocity is 
given as 



'^min 



2MIMa 



( 1 ) 



where Et is the detector threshold, the WIMP mass and Ma target mass. 
We can see the importance of energy threshold and target mass in these two 
limiting cases: 
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For <C Ma 



For > Ma 



'^min 



EtMA 
2M2 • 




( 2 ) 

( 3 ) 



For Mw = Ma 



‘^min — 




( 4 ) 



At present the greatest region of uncertainty is for small . As My^ decrea- 
ses the Vmin increases making it more difficult for all experiments to reach low 
Myj. However the lower threshold CDMS detector would seem to have the ad- 
vantage. Most believe this region has already been mainly excluded by LEP data 
and theory. 

In Figure 3 we show different possible halo velocity distributions. I also plot 
the Vmin for the different detector. While a decrease in the mean velocity would 




Fig. 3. Schematic of the halo velocity distribution with minimal velocities for CDMS, 
DAMA and ZEPLIN II; the figure is modified from A. Green, P.R.D. 68, 023004 (2003) 
(Reference 5). 
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seem to indicate an enhanced annual variation signal, in DAMA the required 
'^mm pushes the velocity up, especially at low WIMP mass. Therefore these 
effects would seem to cancel. This is why the analyses of Copi and Krauss show 
a near independence of the halo models, I believe (see Reference 3). 

In a very simpleminded approach the larger the Vmin the smaller would be 
the annual variation signal in general. This would seem to disfavor the study of 
annual variation signals for low mass WIMPs. In addition the larger the Vmin 
the less likely that a low velocity dispersion galactic halo model would be favored 
for any annual variation study. See Reference [5] and Reference [6]. 

These factors need to be considered for future very large detectors. The 
lowest possible threshold should be obtained. In the case of Liquid Xenon there 
is the possibility to employ the signal as was shown by the UCLA /Torino group 
[Reference 7]. 



Table 1. Leading Searches for Dark Matter 



Project 


Location 


Date 


Type 


Material 


Mass (kg) 


Discrimination 


UKDMC 


Boulby 

UK 


1997 


Scintil- 

lation 


Nal 


5 


None 


DAMA 


Gran Sasso 
IT 


1998 


Scintil- 

lation 


Nal 


100 


None 


ROSEBUD 


Canfranc 

FR 


1999 


Cryogenic 


AhOs 


0.05 


Ther- 

mal 


PICASSO 


Sudbury 

CAN 


2000 


Liquid 

droplets 


Freon 


0.001 


None 


SIMPLE 


Ristrel 

FR 


2001 


Liquid 

droplets 


Freon 


0.001 


None 


DRIFT 


Boulby 

UK 


2001 


Ioni- 

zation 


CS 2 


0.16 


Direc- 

tional 


Edelweiss 


Frejus 

FR 


2001 


Cryogenic 


Ge 


1.3 


Ionization, 

thermal 


ZEPLIN I 


Boulby 

UK 


2001 


Scintil- 

lation 


LXe 


4 


Timing 


CDMS II 


Soudan 

US 


2003 


Cryogenic 


Si, Ge 


7 


Ionization, 

thermal 


ZEPLIN II 


Boulby 

UK 


2003 


Scintil- 

lation 


LXe 


30 


Ionization, 

scintillation 


CRESST II 


Gran Sasso 
IT 


2004 


Cryogenic 


GaW04 


10 


Scintillation, 

thermal 


GENIUS-TF 


Gran Sasso 


2003 


Ionization 


Ge 


10kg 


Ionization 


GENIUS 


Gran Sasso 




Ionization 


Ge 


100kg 


Ionization 
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Xe2* 



Singlet 3ns - 175 nm 



ratio I ► I Nuclear = 10 X electron [ 

Triplet 27ns- 175 nm 



Fig. 4. The light generation process in Liquid Xenon. 



4 Dark Matter Search for Current Detectors 

The current status of the search for WIMPs is somewhat confused; a recent 
summary can be found in Ref. 1: 

1. The sensitivity level is about 1/5 event/kg/day [1]; 

2. The DAM A group is making claims for a discovery; by observation of a 
possible annual signal variation [1]; 

3. The CDMS group has shown that their data and those of DAM A are 
incompatible to 99.5% confidence level against the observation of WIMPs [1]. 

4. The Edelweiss and ZEPLIN I groups have excluded the mean value of the 
DAM A results [6]. 

5. Recent ZEPLIN I results give the best current limits, well below the DAMA 
results [private communication, N. Smith]. 

Most current and next generation detectors are listed in Table 1 [1]. 



5 Next Generation of Detectors 

We expect ZEPLIN II, Edelweiss II and CDMS II to be some of the key detectors 
that are now under construction. Liquid Xenon is of great importance [7]. The 
key properties of Xenon are given in Table 2. 
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Table 2. Liquid Xenon as a WIMP Detector. 

1. Large mass available, up to tons. 

- Atomic mass: 131.29 

- Density: 3.057 gmjcrri? 

- Wi value (eV/pair): 15.6 eV 

- No long-lived isotopes of Xenon 

2. Drift velocity: 1.7mm//xs at 250 V/cm field 

X scintillation wavelength: 175nm 

- Decay time: 2 ns — > 27ns 

3. Light yield > Nal, but instrinsic scintillator (no doping) 
Excimer process very well understood 

First excimer laser was Liquid Xenon in 1970! 




Primary Scintillation 



Fig. 5. Discrimination results for Liquid Xenon (2 phases) [7]. 



Starting in the early 1990s, the UCLA/Torino ICARUS group initiated the 
study of liquid Xe as a WIMP detector with powerful discrimination. The basic 
mechanism of detection in Liquid Xenon is shown in Fig. 4. WIMP interactions 
are clearly discriminated from all important background by the amount of free 
electrons that are drifted out of the detector into the gas phase where amplifi- 
cation occurs. In Fig. 5, we show the resulting separation between backgrounds 
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Fig. 6. ZEPLIN II detector for Boulby Laboratory. 



and simulated WIMP interactions (by neutron interaction). It is obvious from 
this plot that the discrimination is very powerful[7]. 

Construction has begun on a large two-phase detector to search for WIMPs 
[8]. The UCLA/Torino group has formed collaboration with the UK Dark Matter 
team to construct a 30-kg detector (ZEPLIN II) for the Boulby Mine undergro- 
und laboratory (Fig. 6). 



6 One Ton Detector 

Liquid Xenon is the most likely material to be used for very large detectors due to 
the properties of the Xenon (Table 2) and the excellent discrimination possibility 
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as demonstrated by the UCLA/Torino group. The basic discrimination is shown 
in Figure 5. 

Continuation of the R & D effort with Liquid Xenon attempts to amplify 
the very weak signal. The second idea to test is inserting a Csl internal photo 
cathode to convert UV photons to electrons that are subsequently amplified by 
the gas phase of the detector. This detector is being assembled at Rutherford 
Laboratory now for installation in the Boulby underground laboratory later this 
year. 




Fig. 7. Schematic of a one ton detector (ZEPLIN IV) scaled up from ZEPLIN II. 



A simple scaled-up version of ZEPLIN II (ZEPLIN IV) to a one ton detector 
is shown in Figure 7. The reach of such a detector will be limited by backgro- 
unds most likely [1]. In Figure 8 we show the possible sensitivity of the one 
ton detector. Most of the SUSY- WIMP preferred region is covered. To cover the 
lowest region may require a very deep site for the detector to reduce neutron 
background. 
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Fig. 8. Expected cross-sections for SUSY WIMPs in SUGRA models (P. Nath) and 
some recent search results. The range of sensitivity for ZEPLIN II and IV are shown 
on the modified plot [2]. 
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Why a Ring of Stars at r = 20 kpc? 
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Abstract. The recently discovered ring of stars near Galactocentric distance r = 20 
kpc is interpreted as baryonic matter accreted onto the second caustic ring of dark 
matter in our galaxy. Caustic rings of dark matter were predicted in the Galactic 
plane at radii an — 40 kpc/n where n = 1,2,3... They can reveal themselves by 
their gravitational influence on the distribution of baryonic matter. There is additional 
evidence for caustic rings of dark matter in the Milky Way from a series of sharp rises 
in the Galactic rotation curve. The positions of the rises are consistent at the 3% level 
with the above law for the caustic ring radii. Also, a triangular feature in the IRAS map 
of the galactic plane is consistent with the imprint of the caustic ring of dark matter 
nearest to us (n = 5) upon dust and gas in the Galactic plane. These observations 
imply that the dark matter in our neighborhood is dominated by a single flow whose 
density and velocity vector are estimated. 



1 A Giant Stellar Ring in the Milky Way Plane 

Recently the discovery was announced of what appears to be a ring of stars, with 
radius of order 20 kpc, circling the Galaxy [1, 2, 3]. I will not discuss the evidence 
for the alleged ring of stars, but merely assume that it exists. The existence of 
such a ring is puzzling. In ref. [1], the ring is interpreted as the tidal stream 
from an accreted satellite galaxy. However, in this interpretation it is hard to 
account for the fact that the star population is confined to a nearly circular 
region [2]. Also, it would be an accident that the tidal stream lies in the Galactic 
plane. Ibata et al. [2] propose instead that the ring of stars is a perturbation 
of the Galactic disk population. They do not however explain what causes the 
perturbation. I would like to propose that the perturbation that causes the ring 
of stars at r = 20 kpc is the gravitational field of a caustic ring of dark matter. 

Several years ago caustic rings of dark matter were predicted in the Galactic 
plane at radii — 40 kpc/n where n = 1,2,3,.. [4]. The ring of stars at 
r = 20 kpc may be baryonic matter accreted onto the n = 2 caustic ring of dark 
matter. This interpretation would account for both its radius and its location in 
the Galactic plane. 

The existence of dark matter caustics in the halos of galaxies is a corollary 
of the observation [5] that cold dark matter particles lie on a three-dimensional 
sheet in six-dimensional phase-space. There are compelling reasons to believe 
that the dark matter of the universe is constituted in large part of non-baryonic 



602 



Pierre Sikivie 



collisionless particles with very small primordial velocity dispersion, such as axi- 
ons and/or weakly interacting massive particles (WIMPs). Generically, such par- 
ticles are called cold dark matter (CDM). The primordial velocity dispersion of 
the leading cold dark matter candidates is extremely small, of order 10~^^c for 
WIMPs and 3 • 10“ (at most) for axions. This means that, before the onset of 
structure formation, all the particles at a given location x have the same velocity 
v(x), i.e. the particles lie on a 3-dim. sheet in 6-dim. phase space. The thickness 
of the sheet is the velocity dispersion. Because the number of particles is huge (of 
order 10®^ axions and/or 10®^ WIMPs per galactic halo), the sheet is effectively 
continuous. It cannot break and hence its evolution is constrained by topology. 



2 The Phase-Space Structure of Galactic Halos 

Where a galaxy forms, the sheet wraps up in phase-space, turning clockwise in 
any two dimensional cut {x^ x) of that space, x is the physical space coordinate 
in an arbitrary direction and x its associated velocity. The outcome of this pro- 
cess is a discrete set of flows at any physical point in a galactic halo [5]. Two 
flows are associated with particles falling through the galaxy for the first time 
(n = 1), two other flows are associated with particles falling through the galaxy 
for the second time (n = 2), and so on. Scattering in the gravitational wells of 
inhomogeneities in the galaxy (e.g. molecular clouds and globular clusters) are 
ineffective in thermalizing the flows with low values of n. Recently, Stiff and Wi- 
drow [6] have put these discrete flows, also called Velocity peaks’, into evidence 
in Wbody simulations using a new technique which increases the resolution of 
the simulations in the relevant regions of phase-space. 

A commonly raised objection to the above picture is that before the dark 
matter falls onto a large galaxy, such as our own, it has already clustered on 
smaller scales, making dwarf halos and other types of clumps, in a process called 
’’hierarchical clustering”. However, this is not a valid objection. The effect of 
hierarchical clustering is only to produce an effective velocity dispersion for the 
infalling dark matter, i.e. a thickening of the phase space sheet. This effective 
velocity dispersion is at most equal to the velocity dispersion, of order 10 km/s, of 
dwarf halos and on average should be much less than that. Because the effective 
velocity dispersion of the infalling dark matter is much less than the 300 km/s 
velocity dispersion of the Galaxy as a whole, the phase space sheet folds in 
qualitatively the same way as in the zero velocity dispersion case. The flows and 
caustics remain. 

Caustics appear wherever the projection of the phase-space sheet onto phy- 
sical space has a fold [4, 7, 8, 9]. Generically, caustics are surfaces in physical 
space. On one side of the caustic surface there are two more flows than on the 
other. At the surface, the dark matter density is very large. It diverges there in 
the limit of zero velocity dispersion. There are two types of caustics in the halos 
of galaxies, inner and outer. The outer caustics are simple fold (A 2 ) catastrophes 
located on topological spheres surrounding the galaxy. They occur near where a 
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given outflow reaches its furthest distance from the galactic center before falling 
back in. The inner caustics are rings [4]. They occur near where the particles 
with the most angular momentum in a given inflow reach their distance of clo- 
sest approach to the galactic center before going back out. A caustic ring is a 
closed tube whose cross-section is an elliptic umbilic {D- 4 ) catastrophe [7]. The 
existence of these caustics and their topological properties are independent of 
any assumptions of symmetry. 

Primordial peculiar velocities are expected to be the same for baryonic and 
dark matter particles because they are caused by gravitational forces. Later the 
velocities of baryons and CDM differ because baryons collide with each other 
whereas CDM is collisionless. However, because angular momentum is conserved, 
the net angular momenta of the dark matter and baryonic components of a 
galaxy are aligned. Since the caustic rings are located near where the particles 
with the most angular momentum in a given infall are at their closest approach 
to the galactic center, they lie close to the galactic plane. 

A specific proposal was made for the radii of caustic rings [4]: 



where v^ot is the rotation velocity of the galaxy and jmax is a parameter with 
a specific value for each halo. For large n, oc 1/n. Eq. 1 is predicted by 
the self-similar infall model [10, 11] of galactic halo formation, jmax is then the 
maximum of the dimensionless angular momentum ^-distribution [11]. The self- 
similar model depends upon a parameter e [10] . In CDM theories of large scale 
structure formation, e is expected to be in the range 0.2 to 0.35 [11]. Eq. 1 is 
for e = 0.3. However, in the range 0.2 < e < 0.35, the ratios a^jax are almost 
independent of e. When jmax values are quoted below, e = 0.3 and h = 0.7 will 
be assumed. 

It was pointed out in ref. [11] that including angular momentum in the self- 
similar infall model results in a depletion of the inner halo and hence an effective 
core radius. The average amount of angular momentum of the Milky Way halo 
was estimated [11] by requiring that approximately half of the rotation velocity 
squared at our location is due to dark matter, the other half being due to ordinary 
matter. This yields j ~ 0.2 where j is the average of the j -distribution for our 
halo, j and jmax are related if some assumption is made about the shape of the 
j-distribution. For example, if the j-distribution is taken to be that of a rigidly 
rotating sphere, one has j^ax = Hence jmax 0.25 for our halo. 

Since caustic rings lie close to the galactic plane, they cause bumps in the 
rotation curve, at the locations of the rings. In ref. [12] a set of 32 extended well- 
measured rotation curves was analyzed and statistical evidence was found for the 
n = 1 and n = 2 caustic rings, distributed according to Eq. 1. In this analysis, 
each of the 32 individual galactic rotation curves was rescaled according to 



{un : n = 1, 2, ...} (39, 19.5, 13, 10, 8, ...)kpcx 




( 1 ) 




( 2 ) 
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Fig. 1. Composite rotation curve constructed in ref. [12]. It combines data on 32 
exterior galaxies to test the hypothesis that the caustic ring radii are given by Eq. (1). 



where Vrot is the measured rotation velocity. To isolate the outer halo-dominated 
portion of the rotation curves, all data with rescaled radii r < 10 kpc were 
removed. Each rotation curve was then fitted to a line or a quadratic polynomial. 
The residual deviations were normalized to the rms deviation in each fit and then 
binned together. The result is the composite rotation shown in Fig. 1 for the case 
where the individual rotation curves were fitted to quadratic polynomials. The 
composite rotation curve has two peaks, near 20 kpc and 40 kpc, with statistical 
significance of 3cr and 2.6cr respectively. It implies that the jmax distribution is 
peaked near 0.27. The rotation curve of NGC3198, one of the best measured, 
by itself shows three faint bumps which are consistent with Eq. 1 and jmax = 
0.28 [4]. Also our earlier estimate of j^ax for the Milky Way halo is close to the 
peak value of 0.27. 
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3 Evidence for Ring Caustics in the Milky Way 



Eq. 1 with jmax = 0.25 implies that our halo has caustic rings with radii near 
40 kpc/n, where n is an integer. Here we point to evidence in support of this 
extraordinary claim. 

It was already mentioned that the recently discovered ring of stars at r = 20 
kpc may be interpreted as baryonic matter accreted onto the n — 2 caustic ring 
of dark matter. This interpretation accounts for the 20 kpc radius of the ring 
as well as for its location in the galactic plane. The spatial coincidence of the 
20 kpc ring of stars with the predicted n = 2 caustic ring may, of course, be 
fortuitous. So it is natural to ask whether there is similar evidence for any of the 
other caustic rings. The answer is yes for the n = 3 ring. Binney and Dehnen 
studied [13] the outer rotation curve of the Milky Way and concluded that its 
anomalous behavior can be explained if most of the tracers of the rotation are 
concentrated in a ring of radius 1.6 tq where Vq is our distance to the galactic 
center. Throughout this paper we use the standard value tq = 8.5 kpc. That 
value is assumed in Eq. 1, and also in refs. [1, 2]. The Binney and Dehnen ring 
is therefore at 13.6 kpc, which is very close to the predicted radius of the n = 3 
caustic ring. Moreover, there is independent evidence for the existence of the 
Binney and Dehnen ring. 

Oiling and Merrifield have recently published [14] a rotation curve for the 
Milky Way. It is reproduced in Fig. 2. It shows a significant rise between 12.7 
and 13.7 kpc. The increase in rotation velocity is 27%, from 220 to 280 km/s. A 
ring of matter in the Galactic plane produces a rise the rotation curve. The rise 
expected from the n = 3 caustic ring of dark matter, by itself, is only of order 3%. 
However, the effect of a caustic ring of dark matter is amplified by the ordinary 
matter (stars, gas, dust ..) which it attracts gravitationally. The amplification 
would have to be by a factor of order nine in the case of the n = 3 ring. One 
may think, at first, that such as a large amplification is implausible because the 
back reaction of the ring of ordinary matter upon the caustic ring of dark matter 
would determine the position of the latter, instead of the latter determining the 
position of the former. However this is not so because the dark matter caustic 
is not an overdensity of particles which are at rest with respect to the caustic 
ring. The particles which at a given time make up the caustic ring are moving 
with great speed, of order 360 km/s for n = 3, and are continually replaced by 
new particles. As a result, the position of the caustic ring is insensitive to the 
gravitational field of the matter it attracts. 

The existence of rings of ordinary matter precisely where the n = 2 and 
n = 3 rings of dark matter are predicted may yet be fortuitous. Fig. 1 does not 
show a significant rise near the predicted location (10 kpc) of the n = 4 caustic 
ring. Note however that the error bars in Fig. 1 are very large for r > Tq. The 
rise near 10 kpc, if indeed there is one, may be too small to show up in the data. 
On the other hand, the inner (r < Tq) part of the rotation curve is far better 
measured, and we may go look for rises there. 
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Fig. 2. Milky Way rotation curve from ref. [14]. The different lines represent the 
contributions from the bulge (dotted), the stellar disk (filled circles), the HI layer 
(crosses), the H 2 layer (circles), and from a smooth dark halo (dashed). The full line 
represents the sum of the contributions. Reprinted by permission of the authors and 
Blackwell Publishing Ltd. 



Galactic rotation curves are obtained from HI and CO surveys of the Galactic 
plane. A list of surveys performed to date is given in ref. [15]. Everything else 
being equal, CO surveys have far better angular resolution than HI surveys 
because their wavelength is nearly two orders of magnitude smaller (0.26 cm 
vs. 21 cm). The most detailed inner Galactic rotation curve appears to be that 
obtained [16] from the Massachusetts-Stony Brook North Galactic Plane CO 
survey [17]. It is reproduced in Fig. 3. It shows highly significant rises between 
3 and 8.5 kpc. Eq. 1 predicts ten caustic rings between 3 and 8.5 kpc. Allowing 
for ambiguities in identifying rises, the number of rises in the rotation curve 
between 3 and 8.5 kpc is in fact approximately ten. Below 3 kpc the predicted 
rises are so closely spaced that they are unlikely to be resolved in the data. 

Table I lists ten rises, identified by the radius r± where they start, the radius 
r 2 where they end, and the increase Av in rotation velocity. The rises are marked 
as slanted line segments in Fig. 3. The evidence for the rise between 7.30 and 
7.42 kpc is relatively weak, so the corresponding numbers are in parenthesis in 
the Table. 

The effect of a caustic ring in the plane of a galaxy upon its rotation curve 
was analyzed in ref. [7]. The caustic ring produces a rise in the rotation curve 
which starts at ri = a^, where is the caustic ring radius, and which ends a 
^2 = o-n +Pn, where Pn is the caustic ring width. The ring widths depend in 
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Fig. 3. North Galactic rotation curve from ref. [16]. The locations of the rises listed in 
the first three columns of Table I are indicated by line segments parallel to the rises but 
shifted downwards. The caustic ring radii for the fit described in the text are shown 
as vertical line segments. The position of the triangular feature in the IRAS map of 
the galactic plane near 80° longitude is shown by the short horizontal line segment. It 
coincides with a rise in the rotation curve. 



a complicated way on the velocity distribution of the infalling dark matter at 
last turnaround [7] and are not predicted by the model. They also need not be 
constant along the ring. 

In the past, rises (or bumps) in galactic rotation curves have been interpreted 
as due to the presence of spiral arms [18]. Spiral arms may in fact cause some 
of the rises in rotation curves. This does not, however, exclude the possibility 
of other valid explanations. Two properties of the high resolution rotation curve 
of Fig. 3 favor the interpretation that its rises are caused by caustic rings of 
dark matter. First, there are of order ten rises in the range of radii covered (3 to 
8.5 kpc). This agrees qualitatively with the predicted number of caustic rings, 
whereas only three spiral arms are known in that range: Scutum, Sagittarius and 
Local. Second, the rises are sharp transitions in the rotation curve, both where 
they start (ri) and where they end (r 2 ). Sharp transitions are consistent with 
caustic rings because the latter have divergent density at ri = a and V 2 = a p 
in the limit of vanishing velocity dispersion. Finally, there are bumps and rises 
in rotation curves measured at galactocentric distances much larger than the 
disk radius, where no spiral arms are seen. In particular, the features found in 
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Table 1. Radii at which rises in the Milky Way rotation curve of Fig. 3 start (ri) and 
end (r 2 ), the corresponding increases in velocity Z\u, the caustic ring radii an of the 
self-similar infall model for the fit described in the text, and typical velocity increases 
Avn predicted by the model without amplification due to accretion of ordinary matter 
onto the caustic rings. 



ri 

(kpc) 


r-2 

(kpc) 


Av 

(km/s) 


an 

(kpc) 

n = 1 ..14 


AVn 
(km/s) 
n = 1 .. 14 








41.2 


26.5 








20.5 


10.6 








13.9 


6.8 








10.5 


5.0 


8.28 


8.43 


12 


8.50 


3.9 


(7.30) 


(7.42) 


(8) 


7.14 


3.2 


6.24 


6.84 


23 


6.15 


2.6 


5.78 


6.01 


9 


5.41 


2.3 


4.91 


5.32 


15 


4.83 


2.0 


4.18 


4.43 


8 


4.36 


1.7 


3.89 


4.08 


8 


3.98 


1.5 


3.58 


3.75 


6 


3.66 


1.3 


3.38 


3.49 


14 


3.38 


1.2 


3.16 


3.25 


8 


3.15 


1.1 



the composite rotation curve of Fig. 1 are at distances 20 kpc and 40 kpc when 
scaled to our own galaxy. 

The self-similar infall model prediction for the caustic ring radii, Eq. 1, was 

14 

fitted to the eight rises between 3 and 7 kpc by minimizing rmsd = 

n=7 

^)^]2 with respect to jmax, for e = 0.30 . The fit yields = 0.263 and 
rmsd = 3.1% . The fourth column of Table I shows the corresponding caustic 
ring radii a^. In Fig. 3 the latter are indicated by short vertical line segments. 
The velocity increase due to a caustic ring is given by 

" ^"'-^"cos(5n(O)+0;,(O) Sin 5,(0) * 

The fn, defined in ref. [4], are predicted by the self-similar infall model, but 
^-^(Cn), 5,(0) and </>^(0), defined in ref. [7], are not. Like the p,, the latter 
parameters depend in a complicated way on the velocity distribution of the dark 
matter at last turnaround. On the basis of the discussion in ref. [7], the ratio on 
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the RHS of Eq. 3 is expected to be of order one, but to vary from one caustic 
ring to the next. The size of these fluctuations is easily a factor two, up or down. 
The flfth column of Table I shows Avn with the fluctuating ratio set equal to 
one, i.e. Avn = /n^rot- 

For the reasons just stated, the fact that the observed Av fluctuate by a 
factor of order 2 from one rise to the next is consistent with the interpretation 
that the rises are due to caustic rings. However the observed Av (column 3) are 
typically a factor 5 larger than the velocity increases expected from the caustic 
rings acting alone (column 5). This is similar to what we found for the n = 3 
caustic ring, and suggests that the effects of the n = 5...14 caustic rings are also 
amplified by baryonic matter they have accreted. I’ll argue that the gas in the 
disk has sufficiently high density and low velocity dispersion to produce such 
large amplification factors. I’ll also give observational evidence in support of the 
hypothesis. 

The equilibrium distribution of gas is: 

3 

c^gas(r) = dgas(ro) exp[-— ^ — -(<^(r) - ?!>(ro))] , (4) 

^ ^gas ^ 

where d is density and (p gravitational potential. In the solar neighborhood, 
dga^s — [19], which is comparable to the density of dark matter inside 

the tubes of caustic rings near us. From the scale height of the gas [19] and the 
assumption that it is in equilibrium with itself and the other disk components, 
I estimate (t’gas)^ — ^ km/s. The variation in the gravitational potential due to 
a caustic ring over the size of the tube is of order ApcK — 

Because ^-^—-ApcR is of order one, the caustic rings have a large effect on the 
distribution of gas in the disk. The accreted gas amplifies and can dominate the 
effect of the caustic rings on the rotation curve. To check whether this hypothesis 
is consistent with the shape of the rises would require detailed modeling, as well 
as detailed knowledge on how the rotation curve is measured. However, there is 
observational evidence in support of the hypothesis. 

The accreted gas may reveal the location of caustic rings in maps of the sky. 
Looking tangentially to a ring caustic from a vantage point in the plane of the 
ring, one may recognize the tricusp [7] shape of the D — 4 catastrophe. I searched 
for such features. The IRAS map of the galactic disk in the direction of galac- 
tic coordinates (/, 6 ) = (80°, 0 °) shows a triangular shape which is strikingly 
reminiscent of the cross-section of a ring caustic. The relevant IRAS maps are 
posted at http://www.phys.ufl.edu/~sikivie/triangle/ . They were downloaded 
from the Skyview Virtual Observatory (http:/ /sky view. gsfc.nasa.gov/). The ver- 
tices of the triangle are at (/, 6 ) = (83.5°, 0.4°), (77.8°, 3.4°) and (77.8°, -2.6°). 
The shape is correctly oriented with respect to the galactic plane and the ga- 
lactic center. To an extraordinary degree of accuracy it is an isosceles triangle 
with axis of symmetry parallel to the galactic plane, as is expected for a caustic 
ring whose transverse dimensions are small compared to its radius. Moreover its 
position is consistent with the position of a rise in the rotation curve, the one 
between 8.28 and 8.43 kpc (n = 5). The caustic ring radius implied by the image 
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is 8.31 kpc and its dimensions are p ~ 130 pc and q ~ 200 pc, in the directions 
parallel and perpendicular to the galactic plane respectively. It therefore predicts 
a rise which starts at 8.31 kpc and ends at 8.44 kpc, just where a rise is observed. 
The probability that the coincidence in position of the triangular shape with a 
rise in the rotation curve is fortuitous is less than 10 “^. 

In principle, the feature at (80°, 0°) should be matched by another in the op- 
posite tangent direction to the nearby ring caustic, at approximately (—80°, 0 °). 
Although there is a plausible feature there, it is much less compelling than the 
one in the (+80°, 0°) direction. There are several reasons why it may not appear 
as strongly. One is that the (+80°, 0°) feature is in the middle of the Local spiral 
arm, whose stellar activity enhances the local gas and dust emissivity, whereas 
the (— 80°,0°) feature is not so favorably located. Another is that the ring cau- 
stic in the (+80°, 0°) direction has unusually small dimensions. This may make 
it more visible by increasing its contrast with the background. In the (—80°, 0°) 
direction, the nearby ring caustic may have larger transverse dimensions. 



4 The Big Flow 

Our proximity to a caustic ring means that the corresponding flows, i.e. the 
flows in which the caustic occurs, contribute very importantly to the local dark 
matter density. Using the results of refs. [4, 7, 11], we can estimate their densities 
and velocity vectors. Let us assume, for illustrative purposes, that we are in the 
plane of the nearby caustic and that its outward cusp is 55 pc away from us, i.e. 
^^5 + P 5 = 8.445 kpc. The densities and velocity vectors on Earth of the n = 5 
flows are then: 

= 1.7 10“24 _IL ^ c?- = 1.5 10-25 _IL = (470 (^± 100 f) — , (5) 
cm'^^ cm*^ s 

where r, (f) and i are the local unit vectors in galactocentric cylindrical coordi- 
nates. (p is in the direction of galactic rotation. The velocities are given in the 
(non-rotating) rest frame of the Galaxy. Because of an ambiguity, it is not pre- 
sently possible to say whether are the densities of the flows with velocity 
or v^. The large size of is due to our proximity to the outward cusp of the 
nearby caustic. Its exact value is sensitive to our distance to the cusp. We do 
not know that distance well enough to estimate dd with accuracy. However we 
can say that is very large, of order the value given in Eq. 5, perhaps even 
larger. If we are inside the tube of the nearby caustic, there are two additional 
flows on Earth, aside from those given in Eq, 5. A list of local densities and 
velocity vectors for the n 7 ^ 5 flows can be found in ref. [ 20 ]. An updated list is 
in preparation. 

Eq. 5 has dramatic implications for dark matter searches. Previous estimates 
of the local dark matter density, based on isothermal halo profiles, range from 

5 to 7.5 10“^^ The present analysis implies that a single flow (d+) has of 
order three times (or more) that much local density. 
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The sharpness of the rises in the rotation curve and of the triangular feature 
in the IRAS map implies an upper limit on the velocity dispersion 5 udm of the 
infalling dark matter. Caustic ring singularities are spread over a distance of 
order 5a ^ where v is the velocity of the particles in the caustic, ^udm 
is their velocity dispersion, and R is their turnaround radius. The sharpness of 
the IRAS feature implies that its edges are spread over Sa < 20 pc. Assuming 
that the feature is due to the n = 5 ring caustic, R ISO kpc and v 480 
km/s. Therefore ^ 53 m/s. This bound is strongly at odds with the often 

quoted claim that structure formation on small scales causes all, or nearly all, late 
infalling dark matter to be in dwarf galaxy type clumps, with velocity dispersion 
of order 10 km/s. 

The caustic ring model may explain the puzzling persistence of galactic disk 
warps [21]. These may be due to outer caustic rings lying somewhat outside the 
galactic plane and attracting visible matter. The resulting disk warps would not 
damp away, as is the case in more conventional explanations of the origin of the 
warps, but would persist on cosmological time scales. 

The caustic ring model, and more specifically the prediction Eq. 5 of the lo- 
cally dominant flow associated with the nearby ring, has important consequences 
for axion dark matter searches [22], the annual modulation [20, 23, 24, 25] and 
signal anisotropy [26, 24] in WIMP searches, the search for 7 -rays from dark 
matter annihilation [27], and the search for gravitational leasing by dark matter 
caustics [ 8 , 28]. The model makes predictions for each of these approaches to the 
dark matter problem. 

I thank the Aspen Center for Physics for its hospitality while this paper was 
written. This work is supported in part by U.S. DOE grant DEFG05-86ER- 
40272. 
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Abstract. I review the up-to-date status on the properties of the Dark Matter density 
distribution around Galaxies. The rotation curves of spirals all conform to a same 
Universal profile which can be uniquely decomposed as the sum of an exponential thin 
stellar disk and a dark halo with a flat density core. From dwarfs to giants galaxies, the 
halos embedding the stellar component, feature a constant density region of size ro and 
value po which are inversely correlated. The fine structure of dark matter halos in the 
region of the stellar disk is obtained for a number of low-luminosity disk galaxies: the 
halo circular velocity increases almost linearly with radius out to the edge of the stellar 
disk, implying, up there, an almost constant dark matter density. This sets a serious 
discrepancy between the cuspy density distribution predicted by numerical simulations 
in ACDM cosmology, and those actually detected around galaxies. 

The small scatter around the Fundamental Plane (FP) of elliptical galaxies con- 
straints the distribution of dark and luminous matter in these systems. The measured 
central velocity dispersion (Tq in the FP is linked to both photometric and dynamical 
properties of luminous and dark matter. As a consequence, the well-known features of 
the FP imply that, inside the effective radius i?e, the stellar spheroid must dominate 
over the dark matter, in contrast with ACDM predictions. 



1 Introduction 

Rotation curves (RC’s) of disk galaxies are the best probe for dark matter (DM) 
on galactic scale. Notwithstanding the impressive amount of knowledge gathered 
in the past 20 years, only very recently we start to shed light on crucial aspects 
of the mass distribution of Dark Matter in galaxies, including its radial density 
profile, and its Universality. 

On a cosmological side, high-resolution N-body simulations have shown that 
cold dark matter (CDM) halos achieve a specific equilibrium density profile [13 
hereafter NFW, 5, 8, 12, 9] characterized by one free parameter, e.g. the halo 
mass. In the innermost region, the DM halo density shows an average profile 
which is characterized by a power-law cusp p ~ ^ with 7 = 1 — 1.5 [13, 12,2]. 

In detail, CDM halos have: 



Ps 



Pnfw(^) 



{r/rs){l + r/rsY 



( 1 ) 
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Fig. 1. Synthetic rotation curves (filled circles with error bars) and the Universal 
Rotation Curve (solid line). The separate dark/luminous contributions are indicated 
by a dotted line (disk) and a dashed line (halo). 



where and ps are respectively the characteristic inner radius and density. Let 
us define Tvir as the radius within which the mean density is Z\vir times the mean 
universal density pm at the halo formation redshift, the associated virial mass as 
Mvir and the halo velocity as V^ir = GMvir/rvir- In the ’’concordance” dCDM 
scenario: Qm = 0.3, = 0.7 and h = 0.7, so that zivir — 340 at 2 : ~ 0. Let 

us set c = rvirAs, and from simulations c ~ 21{Myir / , then in CDM 
framework circular velocity of dark halos Vnfw(^) depends only on their virial 
masses and takes the form: 

T /-2 / \ _ t ^2 ^ A(x) 

^NFWP ) — 

where x = r/r^ and A(x) = ln(l + x) - x/{l + x). 

From the observational point of view, only recently the difficulties in deriving 
the internal structure of halos from available kinematics have been overcome. 
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Fig. 2. a vs. P and P vs. Vopt- 



This has been done i) hy means of a careful study of the Universal Rotation 
Curve [16] built out of 1000 individual RC’s, ii) by adopting an halo velocity 
profile that, out to Vopt, is neutral with respect to various different galaxy mass 
models: 



^h,URc{^) — ^opt (1 ~ P) (1 + 

where x = r !ropt-> a the halo core radius in units of Vopt and P = {Vd^uRc) /VoptY 
at Ropt- Then, by varying P and a, Vh^uRC can reproduce the maximum-disk, 
the solid-body, the no-halo, the all-halo, the NFW mass models, (e.g. CDM 
halos with concentration parameter c = 5 and = Vopt are well fit by (3) with 
a 0.33) in) by means of a number of high-quality high-resolution individual 
RC’s [1] leading to trustworthy mass distributions. Let us define hereafter as 
the disk scale-length and Vopt = 



2 Dark Halos Properties 

from the Universal Rotation Curve 

Let us remind the observational framework: a) the mass in spirals is distribu- 
ted according to the Inner Baryon Dominance (IBD) regime [16]: there exists 
a characteristic transition radius tjed — km/s)^’^ for which, at 

^ 'f'lBD-, the luminous matter completely accounts for the gravitating mass, 
whereas, at r > the dark matter shows up in the kinematics and rapidly 

becomes the dominant mass component [20, 18, 1]. Then, although dark halos 
extend down to the galaxy centers, it is only ior r > rjEO that they give non- 
negligible contributions to the circular velocity, h) DM is distributed in very 
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differently way with respect to the baryons [16, 6 ], and c) the HI contribution 
to the circular velocity, at r < ropt, is small [e.g. 17]. 

Persic, Salucci and Stel [16] have derived from ~ 20000 velocity measure- 
ments, relative to ~ 900 rotation curves, Vsyn{:p^ \ the synthetic rotation 
velocities of spirals binned in intervals of magnitudes. Each individual RC’s (see 
Fig. (1)) shows a variance, with respect to synthetic curves of the corresponding 
magnitude, smaller than observational errors: spirals sweep a very narrow locus 
in the RC- profile /amplitude/ luminosity space. Thus, as regard the average 
main properties of the DM distribution, eq (3) is equivalent to a large sample of 
individual objects. 

The whole set of synthetic RC’s define the Universal Rotation Curve (URC) 
that we represent analytically with the sum of two terms: a) the standard expo- 
nential thin disk term: 



^d,URc{^) 



1 . 28 3,2 



Qx 



( 4 ) 



and the spherical halo term given by (3). The data (i.e. the synthetic curves 
ysyn) select the actual mass model: by setting /?, a) -h 

7-2 



syn{'^) up to its rms (i.e. within 2%). Moreover, at a fixed luminosity, the la 



with a and j3 as free parameters, an extremely good fit occurs 
when: j3 = [3{\ogVopt) and a = a{(3) as plotted in Fig. ( 2 ): the URC reproduces 

fitting uncertainties for a and j3 are lesser than 20% 

The emerging scenario is the following: inside ropt smaller objects have larger 
dark-to-stellar matter : M*/Mvir — 0.2 (M*/2 x IO^^Mq)-^ {j ~ 0.75) [20]) 
and within each galaxy the dark mass increases with radius with a power-law 
exponent between 2 and 3. 

This evidence calls for a cored Dark Matter density [3, 4, 1 ]. Then, we are 
allowed to pass from the ’’neutral” distribution of DM of eq (3) in which a ’’core” 
may appear in the velocity profile (i.e. in a quantity which is directly measured), 
to the much more specific mass distribution given by the Burkert density profile 
that forces a core radius into the NFW profile. 



Pb(t-) = 



Po 



(r + ro)(r 2 + r^) 



( 5 ) 



with Po und ro free parameters (the central DM density and the core radius). 
Then MB(r) = 4 Mq {ln(l -h r/ro) — arctan(r/ro) + 0.51n[l -f (^/'^o)^]} with 
Mo ~ 1.6 Po Tq the dark mass within ro. The halo contribution to the circular 
velocity is: b(^) = G MB(r)/r. 

The Disk -h Burkert halo model applied to the synthetic rotation curves leads 
to core parameters ro, po strong correlated and linked to the disk mass : dark 
halos behave as an 1 -parameter family, completely specified by e.g. their central 
density po (see Fig. (3) ). 

These relationships imply that the densest halos harbor the least massive 
disks (see Fig. 3) while the feature of the curvature at the highest masses/lowest 
densities in the po vs. vq relationship may be related to the existence of an upper 
mass limit in Myir at few x 10 ^^ Mq. 
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logMd 




Fig. 3. up) Central halo density po (in g/cm^) vs. disk mass (in solar units) for normal 
spirals {filled circles)'., bottom) central density vs. core radi£<(in kpc) for normal spirals 
(see [19]). 



2.1 Testing CDM with the URC 

From the analysis of the URC one concludes that dark halos are not kinematically 
cold structures, but “warm” regions of sizes Vq oc with ro ~ 4 — 7 Then, 
the boundary of the core region is beyond the region of the stellar disk. There 
is no evidence that the DM density converges to a (or a steeper) regime, as 
dictated by CDM scenario. 



3 Dark Matter Properties 
from Individual Rotation Curves 

Although deriving halo densities from individual RC’s is certainly complicated, 
the belief according to which one is bound to get ambiguous halo mass modeling 
[as claimed in some work] is not always correct. In fact, this is true only for ro- 
tation curves of low spatial resolution, i.e. those with less than ~ 3 measures per 
exponential disk length-scale, as most of HI rotation curves. In this case, since 
the parameters of the galaxy structure are crucially sensitive to the shape of the 
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Fig. 4. B+ Disk models {thick solid line) {points with errorbars). Thin solid lines 
represent the disk and halo contributions. The maximum and minimum disk solutions 
{dashed lines) provide the uncertainties see [1]. 



rotation curve in the region 0 < r < there are no sufficient data to constrain 
the mass model. In the case of high-quality optical RC’s tens of independent 
measurements solve the problem. Moreover, since the dark component can be 
better traced when the disk contributes to the dynamics in a modest way, a con- 
venient strategy leads to investigate DM-dominated objects, like dwarf and low 
surface brightness (LSB) galaxies. For the latter [e.g. 7, 11, 3, 4, 9, 10, 21, 23] the 
results are not definitive in that they unfortunately are intrinsically uncertain, 
due to the limited quality of their kinematics. 

Since the observed RC’s have Universal features and most of the properties of 
cosmological halos are also claimed universal, an useful strategy is to investigate a 
restricted number of high-quality optical rotation curves of low luminosity late— 
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type spirals, with /-band absolute magnitudes —21.4 < M/ < —20.0 and 100 < 
Vopt < km s“^. Objects in this luminosity /velocity range are DM dominated 
[e.g. 20] but their optical RC’s, measured at a typical angular resolution of 2", 
have the excellent spatial resolution of ~ 100(T)/10 Mpc) pc and ridata ^ 
independent measurements. For nearby galaxies: w « Vd and ridata > 25. 

In [1] we extracted, from the ‘excellent’ subsample of 80 rotation curves of 
[15], the best 9 rotation curves. These RC’s (as any rotation curve that candida- 
tes itself to yield something crucial on the DM distribution) trace properly the 
gravitational potential since satisfy the following quality requirements: 1 ) data 
extend at least out to the optical radius, 2) they are smooth and symmetric, 
3) they have small internal rms, 4) Ikey have high spatial resolution and a ho- 
mogeneous radial data coverage of 30 — 100 data points between the two arms. 
Each RC has 7—15 velocity points inside Vopt, each one being the average of 
2 — 6 independent data. The RC’s spatial resolution is better than 1/20 the 
velocity rms is about 3% and the RC’s logarithmic derivative is generally known 
within about 0.05. 

We model the mass distribution as the sum of two components: a stellar 
disk and a spherical dark halo, therefore: V‘^ (observed) = V‘^(disk) -f- V^(halo). 
Light traces the stellar mass via the radially constant mass-to-light ratio. We 
neglect the gas contribution Vgas(r) since in normal spirals it is small [17, Fig. 
4.13]: Pgas ^ ~ 0.1. Incidentally, this is not the case for dwarfs 

and LSB’s: most of their kinematics is affected in different ways by the HI disk 
gravitational pull. The disk contribution to circular velocity is given by (4), while 
the dark halo contribution by (3). Finally we normalize (at Vopt) the velocity 
model (V^ -f- to the observed rotation speed Vopt- 

For each galaxy, we determine the values of the parameters j3 and a by means 
of a x^-minimization fit to the observed rotation curves: 

Vmodei(r;P,a) = V^{r-, (3) +V^{r\ (3,a) (6) 

A central role in performing the mass decomposition is played by the derivative 
of the velocity field dV/dr. It has been shown [e.g. 14] that by taking into account 
the logarithmic gradient of the circular velocity field defined as: V (r) = ^ 
one best retrieves the crucial information stored in the shape of the rotation 
curve. Then, we set the x^ statistics as the sum of x^’s evaluated on velocities 
and on logarithmic gradients. In detail, by setting Xv ~ ~ 

and Xv ~ . we minimize the quantity 

xlt^xl+x% (7) 



to get the mass model. 

Let me point out that any claim of ’’different mass models” that all would 
account for a certain rotation curve, does instead originate from the (low) quality 
of the latter that does not allow a reasonably accurate derivation of V (r) . 

The best-fit models parameters for the ’’neutral” distribution of (3) are 
shown in Fig. 4. The disk-contribution (3 and the halo core radius a span a 
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Fig. 5. NFW best-fits solid lines of the rotation curves (filled circles) compared with 
the URC halo + Disk fits (dashed lines). The values are also indicated. 



range from 0.1 to 0.5 and from 0.8 to 2.5, respectively. They are pretty well 
constrained in a small and continuous region of the (a, /?) space. It is obvious 
that the halo curves are increasing almost linearly, out to the last data point. 
Remarkably, we find that the size of the halo density core is always greater than 
the disk characteristic scale-length ra and it can extend beyond the disk edge 
(and the region investigated). 



3.1 Testing CDM 

Let us assume for the dark halos the NFW functional form given by (1) and fit 
the 9 RC’s leaving c and as free independent parameters, although N-body 
simulations and semi-analytic investigations indicate that they correlate in order 
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to increase the chance of a good fit. It must be assumed, however, for these 9 
test objects, a conservative halo mass upper limit of 2 x IO^^Mq. The fits to the 
data are shown in Figs. (5) and (6), together with the URC fits: for seven out of 
nine objects the NFW models are unacceptably worse than the URC solutions. 
Moreover, the resulting CDM disk J-band mass-to-light ratios turn out to be in 
some cases ~ 0.01 solar units, i.e. unacceptably low in the /-band. 

We definitely conclude that there is no shortage of dark halos around objects 
with a trustable rotation curve, that show a density distribution inconsistent 
with that predicted by collision-less CDM. 







Fig. 6. Left: The density of the dark halo of 116-G12. Right: The CDM prediction. 




4 Halos around Ellipticals 

The very low scatter that ellipticals show lying on the Fundamental Plane is a 
kinematical feature can be used to investigate their Dark Matter distribution. 
The central velocity dispersion ao is the key quantity, in that it strongly de- 
pends on the mass distribution of both stellar and dark matter [34]. A sample 
of 221 E/SO galaxies with good photometric and spectroscopic data has been 
used to investigate this point. This sample defines the standard ’’empirical” FP 
in the coordinate space of (logao, logRe^ logLr). The galaxies have a average 
distance of 0.084 dex with respect to the plane, of the order of the measurement 
uncertainties, estimated as large as ±0.05 dex. 

It is easy to show, for the NFW distribution of 4CDM cosmology, that (Jq 
is a specific function of the total virial mass and the stellar mass-to-light ratio, 
with no other free parameters. For the Burkert (1995) density distribution, erg 
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Fig. 7. The CDM surface in the log-space (i^e, Lr, (Tq) compared to sample data 
(points). Re in kpc, Lr in Lr© and cro in km/s. 



depends instead on the stellar mass-to-light ratio, the value of the core radius 
Vq and the fraction of dark mass inside i^e- 

It is shown that the existence of a tight FP relating the above quantities 
implies that ellipticals are largely dominated, within by the stellar spheroid, 
independently of the actual DM distribution. However, TCDM predicts large 
amounts of dark matter inside Re in view of the cuspy density distribution of 
CDM halos: as results in this framework the ellipticals would lie on a it curved 
surface, inconsistent with the observed plane (see Fig. (7)). 

The Burkert density distribution, in which substantial amounts dark matter 
can be placed outside Re, leads to a relationship that is a plane resulting in 
perfect agreement with the observed one (see Fig (8)). This implies a dark- 
to-luminous mass fraction within the effective radius of about 0.3 ± 0.2 and a 
luminosity dependence of the spheroidal mass-to-light ratio: MgphlLr = (5.3 ± 
0.1)(Lr / , in Gunn-r band. Moreover, as a firm constraint, we can 
state vq > Re. 
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Fig. 8. The plane from Spheroid+Burkert halo model. 



5 More Support for Core Radii 

The Trieste group has provided crucial and major evidence on the ’’core radii” 
issue, however, the results from other investigations are also very important 
and must be put forward, in that, alongside with those referred in the previous 
sections, build a formidable case for action. 

Ortwin et al AJ 121, 1936; Fuchs astro-ph/02 12485; Swaters et al. ApJ 583, 
732; Weldrake et al. MN 340, 12; Bottema & Verheijen A&A 388, 793; Fraternali 
et al. AJ 123, 3124; Vallejo et al. A&A 387, 429; Marchesini et al. ApJ. 575, 801; 
de Blok & Bosma A&A 385, 816; Bolatto et al. ApJ 565, 238; de Blok et al. AJ 
122, 2396; de Blok et al. ApJL 552, 23; Stil & Israel A&A 392, 473; Dutton et 
al. astro-ph/03 10001. 



6 The Intriguing Evidence from Dark Matter Halos 

From observations the dark halos around galaxies emerge as an one-parameter 
family; the order parameter (either the central density or the core radius) cor- 
relates with the stellar mass. However, the global structural properties of the 
dark halo, like the virial radius or the virial mass could be extrapolated only 
empirically, because we do not know how to prolongate, outside the region map- 
ped by data and in a theoretical way, the DM profile. In fact, inside the stellar 
disk region, the halo RCs are determined by physical parameters, the central 
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Fig. 9. The dark— to-luminous mass ratio as function of the normalized radius and the 
total disk mass. BBS halo is the Burkert profile as in Borriello and Salucci [1]. 




Fig. 10. DDO 47 rotation curve vs different mass models. The continous line is the 
sum of the stellar (1), the gas (2) and the Burkert halo distributions (3). The dashed 
line represents is the NFW distribution. 




core density and the core radius, that have no counterpart in the gravitational 
instability /hierarchical clustering picture. 

Important relationships among physical quantities still emerge from the mass 
modelling: in Fig. 9 we show the dark-to-luminous mass ratio as function of the 
normalized radius and of the total disk mass. The surface has been obtained by 
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adopting the correlations between the halo and the disk parameters derived in 
[19]. Therefore the dark-to-stellar mass ratio, at fixed fraction of disk length- 
scales, increases as the total disk mass decreases; for example: in the range 
1 < r/vd < 3 it raises by 20% for massive disks {Md = IO^^Mq) while it raises 
by 220% for smaller disks {Md = IO^Mq). 

Two conclusive statements can be drawn: dark matter halos have an inner 
constant-density region, whose size exceeds the stellar disk length-scale. Second, 
there is no evidence that dark halos converge, at large radii, to a p ^ (or 
steeper) profile. 

The existence of a region of “constant” density as wide as the stellar disk 
is hardly explained within current theories of galaxy formation. A number of 
different solutions have been proposed to solve this problem [e.g. 30, 31, 32, 33]. 
Before commenting on them let us stress that any solution of the ’’core radius” 
issue must account for all the intriguing halo properties described in this review. 
It is not aim of this paper to review the several tenths of attempts to find a 
’’solution” to the ’’core radii” problem. Let me just classify them in families: 

1 - Dark Matter ’’interacted” with itself or with baryon. Original ’’cuspy” 
halos have been smoothed in this way. 

2 - Dark Matter has a different power spectrum/perturbation evolution than 
the current Standard Picture and this has ’’produced” the cored halos. 

3 - Dark Matter is a ’’field”, that naturally mimicks the effects of a cored 
halo of particles. 

4 - Within the standard ACDM scenario, the reference simulations have fai- 
led, for a variety of reasons, to found a real feature. 



7 Prologue 

Let me finish where I started: i.e. by showing a test case for the existence of a 
core in the density distribution of the dark halo around a galaxy. DDO 47, see 
Fig. 10 has a rotation curve that increases linearly from the first data point, at 
300 pc, up to the last one, at 5 kpc well beyond the stellar disk edge. The RC 
profile implies the presence of a dominating (dark) halo with an (approximately) 
constant density out to the last measured point, prior any mass modelling. 
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The Supermassive Black Hole 
at the Center of the Milky Way 
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Universitat zu Koln, Ziilpicher Str.77, 50937 Koln, Germany 



Abstract. The most recent results of the SgrA* near-infrared monitoring program are 
described. The program was started over ten years ago using the MPE speckle Camera 
SHARP at the ESO NTT and has now very successfully been continued with the 
NAOS/CONICA adaptive optics system at the ESO VLT UT4. There are confirmed 
and newly found accelerated motions for all together 6 stars, with 4 stars having passed 
the peri-center of their orbits during the observed time span. All orbits have moderate 
to high eccentricities. The center of these acceleration coincides with the radio position 
of Sgr A*. From the orbit of the star S2, the currently most tightly constrained one, one 
can determine the mass of Sgr A* to 3.3 ±0.7 x lO^M© and its position to 2.0 ±2.4 mas 
East and 2.7 ±4.5 mas South of the nominal radio position. The mass estimates for the 
central dark mass from the orbit of S2 and from statistical estimators agree well within 
the errors. As a combined result one can estimate that > 98% of the mass contained 
within the orbit of S2 is contained within ~0.1 mas. This implies a mass density of 
>5 X lO^^MoPc"^. 

The ISAAC and NAOS/CONICA systems on the ESO VLT UTl and UT4 telescopes 
have been used to monitor the MIR L- and M-band (3.3/xm and 4.6/xm) flux densities at 
the position of SgrA* and to obtain new information on the stellar populations within 
the central cluster. The UTl monitoring program was carried out simultaneously to 
CHANDRA observations and resulted in upper limits on the flux density of SgrA* 
during a newly detected out-burst of the X-ray source at the position of SgrA*. The 
UT4 monitoring program resulted in an identification of SgrA* in the near- infrared. 
Both quiescent NIR emission of a source at that position as well as several powerful 
infrared flares with significant sub- structure were observed. 



1 Introduction 



Near-infrared diffraction limited imaging over the past decade (Eckart & Genzel 
1996, Genzel et al. 1997, Ghez et al. 1998, Genzel et al. 2000, Ghez et al. 2000, 
Eckart et al. 2002, Schodel et al. 2002) has resulted in convincing evidence for a 
3xlO^M0black hole at the center of the Milky Way (Ghez et al. 2003ab, Schodel 
et al. 2003ab, Ott et al. 2003a, Reid et al. 2003 and, Genzel et al. 2003b). This 
finding is supported by the discovery of a variable X-ray source at the position of 
SgrA* (Baganoff et al. 2001, and Baganoff et al. 2003) and the recent detection 
of a strongly variable near-infrared source at that position (Genzel et al. 2003b). 
Eckart et al. (2003) report on recent MIR L- and M-band observations that 
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Fig. 1. Positions of the stars within the central arcsecond (right) and the orbital 
motion of star S2 relative to the position of SgrA* (left). On the right side we show 
a 2.2/xm image taken with the NAOS/CONICA adaptive optics system (Lenzen et al. 
1998, Rousset et al. 1998) on the ESO UT4 early 2002. Sources SI, S2, and S8 as well 
as the position of SgrA* are labeled (see Eisenhauer et al. 2003, Schodel et al. 2002). 



contribute to the investigation of the variable X-ray source at the position of 
SgrA*. 

The observed proper motions translate into a two dimensional velocity di- 
spersion of the stars in the central arcsecond (corrected for the measurement 
error) of the order of 600 km/s. In general the stellar motions do not deviate 
strongly from isotropy and are consistent with a spherical isothermal stellar clu- 
ster (Genzel et al. 2000). However, a small deviation from isotropy is found for 
the sky-projected velocity components of the young, early type stars. Most of 
the bright Hel emission line stars are on tangential orbits. This overall rotation 
could be a remnant of the original angular momentum pattern in the interstellar 
cloud from which these stars were formed. The projected radial and tangential 
proper motions of the fainter, fast moving stars within ^1” from SgrA* (the 
‘SgrA* cluster’) suggest that they may largely be moving on very eccentric or- 
bits. Speckle spectroscopy with SHARP at the NTT (Genzel et al. 1997) and 
slit spectroscopy with ISAAC at the VLT (Eckart, Ott, Genzel 1999, Eiger et 
al. 2000) suggest that several of them are early type stars. For S2 this has now 
been confirmed via infrared spectra taken with both high angular and spectral 
resolution (Gezari et al. 2002, Eisenhauer et al. 2003). This is consistent with the 
idea that these stars are members of the early type cluster with small angular 
momentum and therefore fell into the immediate vicinity of SgrA* (Genzel et 
al. 2000, Gerhard 2000, see also discussion in Ghez et al. 2000). 



The Galactic Center 629 



2 Stellar Orbits and the Central Mass Distribution 

The first measurements of orbital accelerations for SI and S2, the two stars clo- 
sest to SgrA*, were consistent with bound orbits around a 3 million solar mass 
central object, but still allowed a wide range of possible orbits (Ghez et al. 2000, 
Eckart et al. 2002). Eckart et al. (2002) showed that S2 is on a bound, highly 
inclined orbit with a large eccentricity. First accurate orbital elements including 
new adaptive optical data and a refined position of SgrA* were given by Schodel 
et al. (2002). The authors found that the eccentricity of the orbit is 0.87 with a 
period of 15 years and a peri-center distance of 17 light hours. 

Figure 1 shows the measured 1992-2002 positions of S2 relative to SgrA* (to- 
gether with Icr errors ellipses). The data from between 1992 and 2001, and at 
2002.47, represent the results of our speckle imaging with the SHARP camera 
on the ESO NTT (Eckart et al. 2002, Schodel et al. 2003). The most recent data 
from 2002.25 to 2003.66 (with the exception of the 2002.47 data point) have 
been taken with the CONIC A/NAOS system. The spring 2002 data happened 
to catch the peri-center passage of the star. At this point the measured velocities 
exceed 5000 km/s, or are about 8 times greater than about 6 years ago (Eckart 
& Gnzel 1996, Genzel et al. 1997). By now the S2 data outline a major part of a 
closed orbit and can be very well fit by a bound Keplerian orbit around a central 
point mass located at the position of SgrA*. 

With uncertainties of the order of ^^7% the most important orbital parame- 
ters are the semi-major axis (a=5.0 light days) and the orbital period (16.4 yrs). 
These quantities require a mass of 2.5zb0.4xl0® Mq to be contained within the 
peri-centre radius of 120 AU, or 17 light hours of SgrA* (calculated for a di- 
stance of about 8 kpc, Eisenhauer et al. 2003 find 7.94±0.42 kpc from a detailed 
analysis of the S2 orbit). The peri-center passage of S2 in April/May 2002 probes 
the mass concentration of the central dark mass at a radius 20 times farther in 
than was previously known, and at ~2100 times the Schwarschild radius of a 3 
million solar mass black hole. The derived mass coincides within 15% with the 
best previous mass estimates, obtained from statistical projected mass estima- 
tors,’ or Jeans mass modeling of the ensemble of proper motions stars near SgrA* 
(Genzel et al. 2000). 



3 The Position of the Central Mass 

The identification of the radio source SgrA* with a single object in the infra- 
red images of the central arcsecond requires an exact knowledge of its position 
with respect to the other stars in the near-infrared and - more important - in 
a common radio/infrared positional reference frame. A first accurate alignment 
of the infrared and radio positional reference frame making use of strong maser 
emission from stars was obtained by Menten et al. (1997). Based on a maximum 
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likelihood (ML) analysis of the combined orbital data of stars SI and S2 from 
the SHARP/NTT and NIRC/Keck observations Eckart et al. (2002) determined 
the location of the central mass about 40mas E of of the nominal radio position 
of Sgr A*. This finding was in agreement with a subsequent analysis (Reid et al. 
2003) using a larger number of maser stars. 

Schodel et al. (2002), Reid et al. (2003), Ott et al. (2003) aligned the NAOS/ 
CONIC A images with an astrometric grid using all 7 SiO maser sources in the 
field of view whose positions are known through measurements with the VLA 
and the VLBA with accuracies of a few mas (Reid et al. 2003). The SiO maser 
emission has its origin in the central 10 AU (~1 mas) of the circumstellar en- 
velopes of infrared bright red giants and supergiants. The transformation of the 
position of the radio source SgrA* onto the infrared image takes account of up 
to second order terms (Reid et al. 2003) and has a la uncertainty of about ± 
lOmas. The astrometric position of SgrA"*" is coincident within a few milliarcsec 
with the ‘gravitational force center’, as determined by the orbits of 4 stars within 
the central 0.3" (Schodel et al. 2002, 2003). 

With the measured projected accelerations of SI, S2, S12, and S8, Schodel et 
al (2003) used a maximum likelihood analysis similar to Eckart et al. (2002) to 
determine the dynamical position of the dark mass. They used the accelerations 
and errors calculated from individual parabolic fits to each star’s trajectory. The 
position of Sgr A* can be derived from the sum of the 12 resulting maps (3 
maps for SI, S2, S12, and S8, respectively). Schodel et al (2003) find from their 
analysis of the S2 orbit that the most probable dynamically derived location of 
the dark mass is 2.0 dz 2.4 mas East and 2.7 ±4.5 mas South of the nominal radio 
position of Sgr A*. The confidence limits correspond to Ay^ = ±1 (~68% pro- 
bability). Using all 6 stars for which accelerated motions are available Schodel 
et al. (2003) find that the dynamically determined center of motion for the inner 
high velocity stars agrees with a very high precission of a few l^mas with the 
radio position of the compact radio source Sgr A*. 



4 The Enclosed Mass 

Estimates of the dark mass are usually obtained via the virial theorem (Myiriai), 
via the projected mass estimator (M^^) as given by Bahcall and Tremaine 
(1981), or via a Jeans analysis (Genzel et al. 2000). These mass estimates are all 
based on the analysis of small samples of stars in annuli centered on the position 
of Sgr A*. The observed projected stellar accelerations allow us only to derive 
lower limits to the enclosed mass from single stars. By inferring an estimate of 
the true physical separation of the stars from the center these lower limits can be 
statistically corrected for projection effects and compared to previous estimates 
of the amount and compactness of the enclosed dark mass. 
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Fig. 2. Mass distribution in the Galactic Center assuming an 8 kpc distance (Eisen- 
hauer et al. 2003). The filled black circle denotes the mass derived from the orbit of S2, 
the red filled circle the mass derived from the orbit of S12, and the purple circle the 
mass derived from the orbit of S14. Filled dark green triangles denote Leonard-Merritt 
projected mass estimators from the present work (at 0.025 pc) and from a new NTT 
proper motion data set by Ott et al. (2003). An open down-pointing triangle deno- 
tes the Bahcall- Tremaine mass estimate obtained from Keck proper motions (Ghez et 
al. 1998; see also Schodel et al. 2003). Light-blue, filled rectangles are mass estimates 
from the Jeans-equation modeling described by Genzel et al. (2000). Open circles are 
mass estimates from a parameterized Jeans-equation model of the radial velocities of 
late type stars, assuming isotropy. Open red rectangles denote mass estimates from a 
non-parametric, maximum likelihood model, assuming isotropy and combining late and 
early type stars Chakrabarty & Saha (2001). Green letter “G” indicates mass estimates 
obtained from Doppler motions of gas (Genzel Sz Townes 1987). The blue continuous 
curve is the overall best fit model to all data. It is the sum of a 2.87 zb 0.15 x 10® M© 
point mass, plus a stellar cluster of central density 3.6 x 10®M©pc“^, core radius 0.34 
pc and power-law index a = 1.8. The grey long dash-short dash curve shows the same 
stellar cluster separately, but for an infinitely small stellar cusp. The red dashed curve 
is the sum of the visible cluster, plus a Plummer model of a hypothetical very compact 
(core radius '^O. 00019 pc) dark cluster of central density 2.2 x 10^^M©pc“^. 
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The orbital analysis of star S2 has shown that the gravitational potential in 
the central 0.5 pc is dominated by a point mass (Eckart et al. 1997, Genzel et 
al. 2000, Ghez et al. 2000, Eckart et al. 2002, Schodel et al. 2002). The stellar 
mass within 0.5" of Sgr A* due to the cusp is ~5000 Mq and the combined 
relativistic and Newtonian peri-astron shift of S2 is of the order < 10 minutes 
of arc per year (Rubilar & Eckart 2001; Mouawad et al. 2003, Mouawad et al., 
in preparation). It is justified to analyze the motions of the stars in the Sgr A* 
cluster in terms of Keplerian orbits. Schodel et al. (2003) find that the four stars 
SI, S2, S12, and S14 passed through the pericenter of their orbits during the 
time span covered by observations. In the case of the three stars S2, S12, and 
S14 sufficiently large sections of their orbits were observed in order to allow for 
a unique Keplerian fit. As for SI, S8, and SI 3, unique fits are not possible. Here 
Schodel et al (2003) constrain their orbits using the estimated inclinations. 

With the most recently determined proper motions Schodel et al (2003) calcu- 
late the enclosed mass with the Leonard-Merritt (LM, Leonard & Merritt 1989) 
and with the Bahcall- Tremaine (BT) mass estimator (Bahcall & Tremaine 1981, 
isotropic case, dominating point mass). Figure 2 is a plot of the measured enc- 
losed mass against distance from Sgr A*. Fitting a model composed of a point 
mass plus the visible stellar cluster with a core radius of 0.34 pc and a power-law 
slope of a = 1.8 to the data gives a value of 3.1 ± 0.2 x IO^Mq for the central 
dark mass. This agrees within the errors with the previouse mass estimate based 
on a Jeans analysis (Genzel et al. 2000). 



5 X-ray and NIR Identification of Sgr A* 

The recent May/ June 2002 CHANDRA ACIS-I (see Baganoff et al. 2003, Eckart 
et al. 2003) observation of SgrA* detected three X-ray flares with amplitude 
increases in excess of a factor of 10 and several flares of more than a factor of 
five with durations ranging from one half to several hours and with rise and fall 
times similar to the X-ray flare discovered with CHANDRA in 2000 (Baganoff et 
al. 2001). During the CHANDRA observations several ground-based telescopes 
were employed for simultaneous observations from the radio cm- to the near- 
infrared wavelength domain. The VLT took part in this campaign observing the 
SgrA* position in the L- and M-band. One X-ray burst was well covered by our 
MIR observations (see Fig. 3). On 29 May 2002 this burst lasted from about 
05:40 to 08:20 and peaked at approximately 06:10 UTC. The VLT MIR imaging 
times cover intervals between 04:26 - 05:41 UTC and 08:49 - 10:03 UTC. MIR 
spectroscopy data with the slit positioned on SgrA* were taken between 06:28 
- 07:03 and 07:43 - 08:17 UTC. No MIR burst activity was recorded during 
these times. The absence of strong MIR variations is in good agreement with 
the results of Hornstein et al. (2002). 

De-reddened upper limits in the differential flux density that could be attri- 
buted to a variable source are of the order of 10m Jy for the imaging in typi- 
cal seeing conditions of 0.8”. Compared to the imaging data the spectroscopic 
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Fig. 3. SgrA* X-ray burst monitored simultaneously in the mid-infrared with ISAAC 
at the VLT UTl. The mid-infrared date were obtained in the M-band and L-band at 
S.Sfim and 4.6/im, respectively. In addition the flux density limits that were obtain 
from spectroscopic measurements are labeled Ms and Ls. The time axis starts on 29 
May 2002 at 01:24:48 UTC (Eckart et al. 2003, Baganoff et al. 2003). 




Fig. 4. Two adaptive optics high resolution images showing the central arcsecond just 
before and during a flare of the source at the position of SgrA*. The angular resolution 
of these May 2003 H-band (1.65 fim) images is FWHM=40mas (more details in Genzel 
et al. 2003b). 
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exposures averaged seeing variations over longer integration times of 20 to 30 
minutes. In addition the source structure was averaged across the spectrometer 
slit. The observations were of course also taken through the collimator optics of 
the spectrograph. All of these effects resulted in an angular resolution of only 
about 1 arcescond. The corresponding differential flux density limit that could 
be attributed to a variable source is of the order of lOOmJy for the spectroscopic 
exposures. 

In contrast to theoretical predictions (e.g. Markoff et al. 2001), the X-ray 
flares were not accompanied by large variations in the radio and/or infrared 
domain. This makes models in which the X-ray bursts are explained via an in- 
creased accretion rate (i.e. increase in magnetic field strength and/or electron 
density) or an increase in electron temperature, i.e. a local heating in the accre- 
tion flow, less preferable. The increased accretion rate model by Liu & Melia 
(2002) with X-ray emission from synchrotron self-Comptonization is consistent 
with the observations but results in a predicted X-ray slope that is too soft. Ho- 
wever, non-thermal shock heating models as mentioned by Markoff et al. (2001) 
are still fully consistent with the results of our most recent multi-wavelength 
campaign. 

Recently Genzel et al. (2003b) were able to identify SgrA* in the near-infrared 
(Fig. 4). They report on the detection of quiescent NIR emission of a source at 
that position as well as several powerful infrared flares. The observation were 
made with the new NAOS/CONICA adaptive optics system at the ESO VLT 
UT4. They show that the emission originates from a source wthin a few milli- 
arcsecond close to the central black hole. The duration of the flares is of the 
order of one half to more than one hour. Some of the flares show significant 
substructure i.e. a ~16 minute quasi-periodicity. If the quasi-periodic structure is 
interpreted as emission from accreated gas on the innermost stable orbits around 
the black hole then the black hole must carry substantial angular momentum, 
since the orbital period around a non rotating black hole of the same mass would 
be longer with ~27 minutes. The authors outline that the quiescent emission may 
be due to synchrotron radiation from a jet, while the burst emission could as 
well be of thermal origin, i.e. thermal emission from an accretion process in the 
innermost section of an accretion disk. 



6 Future Developments 

Infrared interferometric observations of the Galacic Center stellar cluster are 
essential for further scientific progress concerning a variety of problems. The field 
is densely populated with stars and faint sources which have to be discriminated 
against the sea of fore- and background cluster sources and against bright cluster 
members. 

In the near future observations using large diameter telescopes in combination 
with adaptive optics and especially interferometric methods [using Keck I and 
Keck II (10 m; Booth et al. 1999, Swanson et al. 1997), the ESO Very Large 
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Telescope (VLT, 8.2 m) and VLTI (von der Liihe et al. 1997, Eckart et al. 1997, 
Eckart et al. 2001, Glindemann & Leveque 2000), as well as the Large Binocular 
Telescope (2 x 8.4m; see Fig. 5, (Straubmeier et al. 2003, Herbst et al. 2003)] 
will have an even higher angular resolution and larger point source sensitivity 
than currently available. The Keck and VLT interferometers will achieve an 
angular resolution of a few milliarcseconds in the near-infrared over a small 
field of view of the order of 1 square arcsecond. However, as a Fizeau-type 
interferometer, the LBT interferometer will combine high angular resolution (9 
mas in the NIR J-band at 1.25/im wavelength) with an exceptionally large field 
of view (FOV) of the order of several 100 square arcseconds. Some of the most 
fundamental scientific issues to which infrared interferometric measurement of 
the Galactic Center will contribute are: The structure of the central cluster and 
individual sources; Measurements of orbital motions; The nature of the central 
source Sagittarius A*. 




Fig. 5. The Large Binocular Telescope (LBT) consists of 2 x 8.4 m on a 14.4 m baseline 
(Hill et al. 1998, Angel et al. 1998). The Near-infrared beam combiner LING/NIRVANA 
is the structure at the center of the image between the two mirrors. LING/NIRVANA 
is being built by a German Italian consortium including the MPI for Astronomy in 
Heidelberg, the I. Physikalisches Institut at the University of Cologne, the Osservatorio 
Astrofysico di Arcetri, and the MPI for Radioastronomy in Bonn. 



636 A. Eckart and Ch. Straubmeier 



7 Summary and Conclusions 

Most recent adaptive optics measurements of the Galactic Center using NAOS/ 
CONIC A at the VLT combined with earlier results from MPE/SHARP at the 
ESO NTT have now resulted in convincing evidence of a massive black hole at 
the center of the Milky Way. This evidence includes: 

1) High velocity stars with velocities in excess of 5000 km/s (S2 during pericen- 
ter passage; Schodel et al. 2002). 

2) A determination of mass and mass density using both statistical stellar moti- 
ons as well as (most importantly) the well traced orbital motion of a single star 
(S2). The mass is 3.3 zb 0.7 x lO^M© at a the mass density of >5 x IO^^MqPC”^. 

3) A strongly variable NIR and X-ray source at the position of the compact radio 
source SgrA*. 

4) The flare substructures indicate relativistic processes observed at the location 
of the innermost stable orbits of matter around a spinning black hole of the given 
mass. 

Therefore the analysis of stellar orbits (Chez et al. 2000, Genzel et al. 2000, 
Eckart et al. 2002, Schodel 2002, 2003) as well as the detection of flaring X-ray 
(Baganoff 2001, 2003) and IR-emission (Genzel et al. 2003b) all convincingly 
support the presence of a compact dark mass at the position of SgrA*. SgrA* is 
currently the best and most compelling cases for the existence of super-massive 
nuclear black holes (Maoz 1998). 

Alternative models that describe the central object as a fermion ball (Munyaneza 
& Viollier, 2002, Munyaneza, Tsiklauri, Viollier, 1998) are discussed in Viollier in 
the proceedings of this conference. If a hypothetical weak repulsive force between 
bosons is introduced (Colpi, Shapiro & Wasserman 1986) then objects with total 
masses as large as they are found in galactic nuclei can be formed. For a large 
range of hypothetical boson masses they can have sizes of only several times the 
Schwarzschild radii. This makes it difficult to clearly distinguish observationally 
between boson stars and black holes as candidates for super-massive objects at 
the nuclei of galaxies (see also Torres, Capozziello & Lambiase 2000, Mielke & 
Schunck 2000). It is, however, difficult to understand how the bosons are able to 
segregate to such a small volume by dissipating all of their original energy, and 
not form a black hole in the process (e.g. Maoz 1998, Melia & Falcke 2001). 
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Abstract. All presently known stellar-dynamical constraints on the size and mass of 
the supermassive compact dark object at the Galactic center are consistent with a ball 
of self- gravitating, nearly non-interacting, degenerate fermions with mass between 76 
and 491 keV/c^, for a degeneracy factor g = 2. Similar to the masses of neutron stars 
and stellar-mass black holes, which are separated by an Oppenheimer-Volkoff (OV) 
limit between 1.4 to 3 M©, the masses of the supermassive fermion balls and black 
holes are separated by an OV limit of 1.1 x 10®M©, for a fermion mass of 76 keV/c^ 
and g = 2. 

Sterile neutrinos of 76 keV/c^ mass, which are mixed with at least one of the active 
neutrinos with a mixing angle 6 ~ 10~^, are produced in about the right amount in the 
early Universe by incoherent resonant and non-resonant scattering of active neutrinos 
having an asymmetry of T ~ 10~^. The former process yields sterile neutrinos with a 
quasi-degenerate spectrum while the latter leads to a thermal spectrum. The mixing 
necessarily implies the radiative decay of the sterile neutrino into an active neutrino in 
about 10^^ years which makes these particles observable. 

As the production mechanism of the sterile neutrino is consistent with the con- 
straints from large scale structure formation, cosmic microwave background, big bang 
nucleosynthesis, core collapse supernovae, and diffuse X-ray background, it could be 
the dark matter particle of the Universe. At the same time, the quasi- degenerate com- 
ponents of this dark matter, may be responsible for the formation of the supermassive 
degenerate fermion balls and black holes at the galactic centers via gravitational coo- 
ling. 



1 Introduction 



In a recent paper Schodel et al. reported a new set of data [1] including the 
corrected old measurements [2] on the projected positions of the star S2(S0-2) 
that was observed during the last decade with the ESO telescopes in La Silla 
(Chile). The combined data suggest that S2(S0-2)is moving on a Keplerian orbit 
with a period of 15.2 yr around the enigmatic strong radiosource Sgr A* that 
is widely believed to be a black hole with a mass of about 2.6 X 10^ M© [2, 3]. 
The salient feature of the new adaptive optics data is that, between April and 
May 2002, S2(S0-2) apparently sped past the point of closest approach with a 
velocity v ~ 6000 km/s at a distance of about 17 light-hours [1] or 123 AU from 
Sgr A*. 
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Another star, SO-16 (S14), which was observed during the last few years by 
Ghez et al. [4] with the Keck telescope in Hawaii, made recently a spectacular 
U-turn, crossing the point of closest approach at an even smaller distance of 8.32 
light-hours or 60 AU from Sgr A* with a velocity v ~ 9000 km/s. Ghez et al. [4] 
thus conclude that the gravitational potential around Sgr A* has approximately 
form, for radii larger than 60 AU, corresponding to 1169 Schwarzschild 
radii of 26 light-seconds or 0.051 AU for a 2.6 x IO^Mq black hole. Although 
the baryonic alternatives are presumably ruled out, this still leaves some room 
for the interpretation of the supermassive compact dark object at the Galactic 
center in terms of a finite-size non-baryonic dark matter object rather than a 
black hole. In fact, the supermassive black hole paradigm may eventually only 
be proven or ruled out by comparing it with credible alternatives in terms of 
finite-size non-baryonic objects [5]. 

The purpose of this paper is to explore, using the example of a sterile neutrino 
as the dark matter particle candidate, the implications of the recent observati- 
ons for the degenerate fermion ball scenario of the supermassive compact dark 
objects which was developed during the last decade [5, 6, 7, 8, 9, 10, 11]. 



2 Stellar-Dynamical Constraints for Fermion Balls 

In a self-gravitating ball of degenerate fermionic matter, the gravitational pres- 
sure is balanced by the degeneracy pressure of the fermions due to the Pauli 
exclusion principle. Nonrelativistically, this scenario is described by the Lane- 
Emden equation with poly tropic index p = 3/2. Thus the radius R and mass M 
of a ball of self-gravitating, nearly non-interacting degenerate fermions scale as 

[ 7 ] 



R 



'91.869 






\9j M_ 



1/3 



= 3610.66 Id 



ISkeVV''® 



mc^ 



2x2/3 

9) 




( 1 ) 



Here 1.19129 Id = 1 mpc = 206.265 AU, and m is the fermion mass. The de- 
generacy factor g = 2 describes either spin 1/2 fermions (without antifermions) 
or spin 1/2 Majorana fermions. {= antifermions). For Dirac fermions and anti- 
fermions, or spin 3/2 fermions (without antifermions), we have ^ = 4. Using the 
canonical value M = 2.6 x 10 ^ Mq and R < 60 AU for the supermassive compact 
dark object at the Galactic center, we obtain a minimal fermion mass of rrimin 
= 76.0 keV/c^ for ^ = 2, or rumin = 63.9 keV/c^ for g = 4. 

The maximal mass for a degenerate fermion ball, calculated in a general 
relativistic framework based on the Tolman-Oppenheimer-Volkoff equations, is 
the Oppenheimer-Volkoff (OV) limit [8] 
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Mqy = 0.38322 



Mil 



f - j = 2.7821 X 10^ Mo 



/ 15keV 
\ mc^ 




( 2 ) 



where Mp\ = {hclG)^^‘^ — 1.2210 x 10^® GeV is the Planck mass. Thus, for mmin 
= 76.0 keV/c^ and g = 2, or mmin = 63.9 keV/c^ and g = 4, we obtain 

= 1.083 X lO^M© . (3) 



In this scenario all supermassive compact dark objects with mass M > Mgy^ 
must be black holes, while those with M < Mgy^ are fermion balls. 

Choosing as the OV limit the canonical mass of the compact dark object 
at the center of the Galaxy, Mq^ = 2.6 x 10® M©, yields a maximal fermion 
mass of mmax = 491 keV/c^ for g = 2^ or mmax = 413 keV/c^ for g = 4. 
In this ultrarelativistic limit, there is little difference between the black hole 
and degenerate fermion ball scenarios, as the radius of the fermion ball is 4.45 
compared to 3 Schwarzschild radii for the radius of the event horizon of a non- 
rotating black hole of the same mass. In fact, varying the fermion mass between 
mmin and mmax, one can smoothly interpolate between a fermion ball of the 
largest acceptable size and a fermion ball of the smallest possible size, at the 
limit between fermion balls and black holes. 

The masses of the supermassive compact dark objects discovered so far at 
the centers of both active and inactive galaxies are all in the range [12] 

10® M© < M < 3 X 10^ M© . (4) 

Thus, as Mqy^ falls into this range as well, we need both supermassive fermion 
balls (M < Mqy^) and black holes (M > Mgy^) to describe the observed pheno- 
menology. At first sight, such a hybrid scenario does not seem to be particularly 
attractive. However, it is important to note that a similar scenario is actually 
realized in Nature, with the co-existence of neutron stars which have masses 
M < Mqy, and stellar-mass black holes with mass M > Mq^, as observed in 
stellar binary systems in the Galaxy [13]. Here the OV limit Mgy, which inclu- 
des the nuclear interaction of the neutrons, is somewhat uncertain due to the 
unknown equation of state. But the consensus of the experts [13] is that it must 
be in the range 

IAMq < Mgv ^ 3 Mq . (5) 

None of the observed neutron stars have masses larger than 1.4 M©, while there 
are at least nine candidates for stellar-mass black holes larger than 3 M© [13]. 
It is thus conceivable that Nature allows for the co-existence of supermassive 
fermion balls and black holes as well. Of course, we would expect characteristic 
differences in the properties of supermassive fermion balls and black holes. Si- 
milarly, pulsars and stellar-mass black holes are quite different, as pulsars have 
a strong magnetic field and a hard baryonic surface, while black holes are sur- 
rounded by an immaterial event horizon instead. However, one may also argue 
that the astrophysical differences between supermassive black holes and fermion 
balls close to the OV limit are not so easy to detect because both objects are of 
non-baiyonic nature. 



642 



Neven Bilic et al. 



3 Cosmological Constraints 
for Sterile Neutrino Dark Matter 

If the supermassive compact dark object at the Galactic center is indeed a de- 
generate fermion ball of mass M = 2.6 x 10 ^ Mq and radius R < 60 AU, the 
fermion mass must be in the range 



It would be most economical if this particle could represent the dark matter 
particle of the Universe, as well. In fact, it has been recently shown [9] that an 
extended cloud of degenerate fermionic matter will eventually undergo gravita- 
tional collapse and form a degenerate supermassive fermion ball in a few free-fall 
times, if the collapsed mass is below the OV limit. During the formation, the 
binding energy of the nascent fermion ball is released in the form of high-energy 
ejecta at every bounce of the degenerate fermionic matter through a mechanism 
similar to gravitational cooling that is taking place in the formation of degene- 
rate boson stars [9]. If the mass of the collapsed object is above the OV limit, 
the collapse inevitably results in a supermassive black hole. 

The conjectured fermion could be a sterile neutrino which does not partici- 
pate in the weak interactions. We will now assume that its mass and degeneracy 
factor is = 76.0 keV/c^ and ^^ = 2, corresponding to the largest fermion ball 
that is consistent with the stellar-dynamical constraints. In order to make sure 
that this fermion is actually produced in the early Universe it must be mixed 
with at least one active neutrino, e.g., the Indeed, for an electron neutrino 
asymmetry 



and a mixing angle ^es ^ 10~^ [14], incoherent resonant and non-resonant active 
neutrino scattering in the early Universe produces sterile neutrino matter amo- 
unting to the required fraction = (0-135l;Q;QQg) [15] of the critical density 

of the Universe today. Here and are the electron neutrino, electron 

antineutrino and photon number densities, respectively. An electron neutrino 
asymmetry of Liy^ ~ 10“^ is compatible with the observational limits on ^He 
abundance, radiation density of the cosmic microwave background at decoupling, 
and formation of the large scale structure [16, 17] which constrain the electron 
neutrino asymmetry to the range 



Within these limits, must be currently regarded as a free parameter 
which may be determined by future observations, in a similar way as the baryon 
asymmetry 



76.0keV/c^ < m < 491 keV/c^ for g = 2 
63.9keV/c^ < m < 413keV/c^ for g = 4 . 



( 6 ) 




(7) 



-4.1 X 10~2 < < 0.79 . 



(8) 
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T] = 



riB -n^ 



(9) 



has been determined by big bang nucleosynthesis to rj — {2.6 - 6.2) x 10 [18] 

and by the cosmic microwave background radiation for rj = (6. X 10-10 

[15]. There is no reason to expect that and 77 should be of the same order of 
magnitude. 

At this stage it is interesting to note that incoherent resonant scattering of 
active neutrinos produces quasi-degenerate sterile neutrino matter, while incohe- 
rent non-resonant active neutrino scattering yields sterile neutrino matter that 
has approximately a thermal spectrum [14]. Quasi-degenerate sterile neutrino 
matter may contribute towards the formation of the supermassive compact dark 
objects at the galactic centers, while thermal sterile neutrino matter is mainly 
contributing to the dark matter of the galactic halos. 



4 Observability of Degenerate Sterile Neutrino Balls 



The mixing of the sterile neutrino with at least one of the active neutrinos 
necessarily causes the main decay mode of the i/g into three active neutrinos [18] 
with a lifetime of 



r {i^s 3z/) 



192 TT'^ 






Uq Un 



G‘]p sin^ Oe 



sin Oe 



^ , ( 10 ) 



which is presumably unobservable as the available neutrino energy is too small. 
Here e^-hz^e + ^At) and are the lifetime and mass of the muon. 

However, there is a subdominant radiative decay mode of the sterile into an 
active neutrino and a photon with a branching ratio [ 20 ] 



B{us t^l) = 



t{us 3 t /) 
t{Vs -> 1^7) 



= 0.7840 X 10“2 , 

87T 



( 11 ) 



where a = /he is the fine structure constant. The lifetime of this potentially 
observable decay mode is thus 



T {Us Z^7) = 



87T 1 

27 a sin^ O^s 




r (/i e + z^e + ^At) 



( 12 ) 



yielding, for O^s = 10 ^ and rris = 76.0 keV/c^, a lifetime of t{vs ^l) = 
0.46 X 10^^ yr. 

Although the X-ray luminosity due to the radiative decay of diffuse sterile 
neutrino dark matter in the Universe is presumably not observable, because it 
is well below the X-ray background radiation at this energy [14], it is perhaps 
possible to detect such hard X-rays in the case of sufficiently concentrated dark 
matter objects. In fact, this could be the smoking gun for both the existence 
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of the sterile neutrino and the fermion balls. For instance, a ball of M = 2.6 x 
IO^Mq consisting of degenerate sterile neutrinos of mass rris = 76.0 keV/c^ [10], 
degeneracy factor Qs = 2^ and mixing angle Oes = 10~^ would emit 38 keV 
photons with a luminosity 

Mc^ 

^ ^ = 1.6 X 10^^ erg/s , (13) 

2t{Us ->■ z/ 7 ) 

within a radius of 60 AU, 8.32 light hours or 7.6 x 10~^ arcsec of Sgr A*, assumed 
to be at a distance of 8 kpc. The current upper limit for X-ray emission from 
the vicinity of Sgr A* is uLjy ~ 3 x 10^^ erg/s, for an X-ray energy of Ex ~ 60 
keV [21], where = dL/dv is the spectral luminosity. Thus the X-ray line at 
38 keV could presumably only be detected if either the angular or the energy 
resolution or both, of the present X-ray detectors are increased. 
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Abstract. The relic abundance and the scalar cross-section off nucleon for light neu- 
tralinos (of mass below about 45 GeV) are evaluated in an effective MSSM model with 
R-parity conservation and without GUT-inspired relations among gaugino masses. It is 
shown that these neutralinos may provide a sizeable contribution to the matter density 
in the Universe and produce measurable effects in WIMP direct detection experiments. 
A lower bound on the neutralino mass > 6 GeV, based on the new WMAP data 
on ftcDM^ is worked out. 



1 Introduction 

Most works on relic neutralinos consider supersymmetric schemes with a uni- 
fication assumption for the gaugino masses Mi (i = 1,2,3) at the GUT scale 
Mgut ^ 10^^ GeV. This hypothesis implies that at at the electroweak scale, 
Mew ^ 100 GeV, the following relation holds: 

Ml = I tan^ 6w M 2 0.5 M 2 . (1) 

o 

where Ow is the Weinberg angle. The most direct consequence of Eq. (1) is 
that the present lower bound on the chargino mass, ^100 GeV, implies a 
lower bound on the the neutralino mass, > 30 GeV [1]. However, no model- 
independent direct limits on the neutralino mass exist at present, so that, if 
Eq. (1) is relaxed, neutralinos lighter than 30 GeV could be compatible with 
observations, with important phenomenological implications. 

In the present talk I will discuss the properties of relic neutralinos in an effec- 
tive Minimal Supersymmetric extension of the Standard Model (MSSM) where 
the GUT relation of Eq. (1) is relaxed, with particular emphasis on light neu- 
tralinos. More details, as well as a list of references to previous papers where 
supersymmetric schemes without gaugino masses unification have been conside- 
red in connection with relic neutralinos, can be found in [2, 3, 4]. 



2 Effective MSSM Without Gaugino Unification 

We employ an effective MSSM scheme (effMSSM) at the electroweak scale, defi- 
ned in terms of a minimal number of parameters, only those necessary to shape 



646 Stefano Scopel 



the essentials of the theoretical structure of MSSM and of its particle content. 
The assumptions that we impose at the electroweak scale are: a) all squark 
soft-mass parameters are taken degenerate: rriq. = rriq] b) all slepton soft-mass 
parameters are taken degenerate: c) all trilinear parameters are set to 

zero except those of the third family, which are defined in terms of a common 
dimensionless parameter A: = Arriq and Af = Ami. As a consequence, 

the supersymmetric parameter space consists of the following independent pa- 
rameters: M 2 , /i, tan/3, ttt-a, A and R = M 1 /M 2 . In the previous list of 

parameters we have denoted by ji the Higgs mixing mass parameter, by tan/? 
the ratio of the two Higgs v.e.v.’s and by the mass of the CP-odd neutral 
Higgs boson. 

The neutralino is defined as the lowest-mass linear superposition of bino H, 
wino and of the two higgsino states H^ : 



Due to well-known properties of the neutralino and chargino mass matrices, one 
has that: a) for fi ^ Mi, M 2 the neutralino mass is determined by the lightest 
gaugino mass parameter: ~ min(Mi,M 2 ), while the lightest chargino mass 

is set by M 2 : Ta^± M 2 (Mi does not enter the chargino mass matrix at tree- 
level); b) for // C Ml, M 2 both the neutralino and the chargino masses are 
primarily set by the Higgs mixing parameter: ji c=l m ^± . 

LEP data put a stringent lower bound on the chargino mass: m^± > 103 
GeV, which converts into lower bounds on M 2 and /x: M 2 ,/u > 103 GeV. This 
implies a lower bound on the neutralino mass of the order of about 50 GeV in the 
standard effMSSM, where the GUT relation of Eq.(l) holds. On the contrary, 
the neutralino mass may be smaller when Mi <C M 2 , thus for small values of 
the parameter R. 

We are now interested in the phenomenology of light neutralinos, therefore 
we consider values of R lower than its GUT value: Rqut — 0.5. For definiteness 
we will consider the range: 0.01-0.5. By diagonalizing the usual neutralino mass 
matrix in the approximation Mi << M 2 ,/x, it turns out that light neutralinos 
have a dominant bino component; a deviation from a pure bino composition is 
mainly due to a mixture with i. e. |ai| >> \as\ » |ai|, |a 4 |. For the ratio 
l^sl/l^^il one finds 



where mz is the mass of the Z boson, and in the last step we have taken into 
account the experimental lower bound // > 100 GeV. 

In our numerical analysis we have varied the MSSM parameters within the 
following ranges: 1 < tan/? < 50, 100 GeV < |/x|, M 2 , m^, < 1000 GeV, 

sign(/x) = -1,1, 90GeV < < lOOOGeV, -3 < A < 3, 0.01 < R < 0.5. 

This range for R, implemented with the experimental lower limit on M 2 of ab- 
out 100 GeV, implies that the lower bound on the neutralino mass can be moved 
down to few GeV’s for R ^ 0.01. 



X = aiB + + a^H'- 



0 



(2) 




( 3 ) 
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We then implemented the following experimental constraints: accelerators 
data on supersymmetric and Higgs boson searches (CERN e+e" collider LEP2 
[9] and Collider Detector CDF at Fermilab [10]); measurements of the 6^5 + 7 
decay [ 11 ]; measurements of the muon anomalous magnetic moment — 

2)/2 [15] (the range —160 < • 10^^ < 680 is used here for the deviation of 

the current experimental world average from the theoretical evaluation within 
the Standard Model; for the derivation see Ref. [2]). 



3 Cosmological Lower Bound on 



New data on the cosmic microwave background (CMB) [5, 6 , 7], also used in 
combination with other cosmological observations, are progressively narrowing 
down the ranges of the relic abundances for matter and for some of its 

constituents: neutrinos and baryons As a consequence also the 

range of is reaching a unprecedented level of accuracy. Allowing for 

a 2 — cr range in one obtains [3]: {^cDMh‘^)min = 0.095 < < 

(S^CDMh'^)max = 0.131. These are the values we will use here. However, one 
should cautiously still be open to some possible changes in these values as new 
cosmological observational data will accumulate in the future. 

The neutralino relic abundance is given by 



— 



Xf 3.3MQ-^^cm^ 

9-k{Xf^ ^ (X awnV ^ 



( 4 ) 



where < Oanu^ > = Xf{as,nn v)int, (cTann ^)int being the integral from the pre- 
sent temperature up to the freeze-out temperature T/ of the thermally averaged 
product of the annihilation cross-section times the relative velocity of a pair of 
neutralinos, Xf is defined as x/ = ^ and denotes the relativistic de- 

grees of freedom of the thermodynamic bath a.t Xf. For (cJann x) we will use the 

standard expansion in S and P waves: (cTann — a -h 2xJ^' 

A lower bound on is now derived from Eq. (4), by requiring that 

^ {^CDMh^)max- ( 5 ) 



We first work out approximate analytic expressions for < dann'^ > the re- 
gime of small {m^ < 45 GeV). In this case the dominant terms in (cTann '?^)int 
are the contributions due to Higgs-exchange in the s channel and sfermion- 
exchange in the t, u channels of the annihilation process x + X I ^ f (in- 
terference terms are neglected). We retain only the leading terms in each con- 
tribution. Thus, for the Higgs-exchange contribution, dominated by the S-wave 
annihilation into down- type fermions, we have, for any final state / — /, 
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where ag.m. is the electromagnetic constant, mw is the mass of the W boson, 
c/ is a standard color factor (c/ = 3 for quarks, c/ = 1 for leptons), rh/ is the 
fermion running mass evaluated at the energy scale 2m^ and m/ is the fermion 
pole mass, e/ is a quantity which enters in the relationship between the down- 
type fermion running mass and the corresponding Yukawa coupling (see Ref. 
[12] and references quoted therein); in the following evaluations, cj is negligible, 
except for the bottom quark, where 0.2. One easily verifies that when 

^ Higgs 

< m^, (cTann '^) f entails a relic abundance exceeding the cosmological 
bound. 

Notice that < Oann'^ > turns out to be an increasing function of m^. Then, 
to obtain a conservative lower bound on from the condition of Eq. (5), we 
have first to evaluate an which is obtained from Eq. (4), by replacing 

< o-annV > with its maximal value (< (Jann'^ >)max^ at fixed m^. In the case of 
Higgs-exchange contributions, this (< cJann'^ >)max is obtained by inserting into 
Eq. (6) the maximal value of the product a\a\ tan^ [3. Taking into account Eq. 
(3) and that, for — 90 GeV, the upper bound of tan/? is 45 [10], we obtain 
(af a| tan^ f3)max — 2.6 x 10^, and in turn 
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5-10 Xf 1 [(2m^)^ — m\]‘^ 

GeV2 ^ (1 + ^6)^ [1 - m2/m2]i/2 * 



In the last step of this equation we have retained only the dominant contri- 
bution due to the b — b final state. 

The quantity given by Eq. (7) is plotted in Fig.l as a function 

of m^, for the value rriA = 90 GeV (current experimental lower bound). The 
two horizontal lines denote two representative values for the upper bound on 
^CDMh‘^' {^CDMh^)max = 0.3 (short-dashed line) and {^cDMh‘^)max = 0.131 
(long-dashed line). Fig.l displays how a lower bound on is derived from an 
upper limit on VtcoMh^- In particular, using Tqcd = 300 MeV, where Tqcd is 
the hadron-quark transition temperature, one obtains from {0^cDMh?)max = 0.3 
the bound ^5.2 GeV, a value which increases to ^0-2 GeV, when the 
value {^cDMh‘^)max = 0.131 is employed. Finally, to support the validity of the 
analytical approximations employed to derive Eq. (7), in Fig.l we also display 
the scatter plot of when a numerical scanning of the supersymmetric 

parameter space is performed. From our previous formulae one obtains that the 
bound on simply scales with ttia as follows: 
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Fig. 1. Neutralino relic abundance as a function of the mass The solid 

curve denotes given by Eq. (7) for Tqcd — 300 MeV, where Tqcd is 

the hadron-quark transition temperature. Dashed and dot-dashed curves refer to the 
representative values Tqcd = 100 MeV, Tqcd = 500 MeV, respectively. The two 
horizontal lines denote two representative values of VtcDMh?'- ^cdm^? — 0.3 (short- 
dashed line) and flcDMh^ — 0.131 (long-dashed line). The scatter plot is obtained by 
a full scanning of the supersymmetric parameter space. 



mx [1 - > 5.3 GeV ( gj^y ) (8) 

For 771 a > 200-300 GeV, the annihilation cross section of light neutralinos is 
dominated by sfermion-exchange. With the aid of numerical evaluations, it is fo- 

sfermion ^ ^ sfermion 

und that the leading contributions to ((Jann (^ann '^) / 

^ sfermion ^ ^ ^ sfermion 

provided by the term due to the r lepton: (cTann '^) — (cTann y)r 

This is in turn maximized by (see Ref. [3] for details): 



sfermion 

((<^ann '^) ^max 



[1 - 

8 cos^ Ow 





23 



2xf 

( 9 ) 



Assuming ruf — 87 GeV (current experimental lower bound) one finds in this 
case a lower bound for the neutralino mass > 14 GeV for {Tic dm h^)max — 
0.3, and > 22 GeV for {TLcdm h‘^)max = 0.131. The scaling of this last 
bound with the stau mass is approximately given by 
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mx [1 - mllmlY/* > 22 GeV ( gQ^^y ) • (10) 

This limit is compatible with the results of Refs. [20]-[21], where the lower 
bounds > (15 — 18) GeV are found assuming that itia is very large {ttia ~ 1 
TeV). 



4 Detectability of Light Neutralinos 
by WIMP Direct Measurements 



The neutralino configurations which provide the highest values of direct detec- 
tion rates are the ones dominated by (/i, H) Higgs-exchange processes, which in 
turn require a gaugino-higgsino mixing. Under these hypotheses, using the ex- 
pression of given above and the analytical approximation for crgcaiar^^^ 

ven in Ref. [2] , we obtain an approximate relation between the scalar neutralino- 
nucleon cross-section and the neutralino relic abundance: 



CTg^alar ~ 

1.4 X 10“^° cm^ T 



rris (V|s5|V) 
200 MeV 



GeV^ frriA\ 

[l-m^/m2]i/2 \mh) 



, ( 11 ) 



where ruh is the mass of the lightest CP-even neutral Higgs boson, T is given by 
(as sina-f-a 4 cosa)^ (sin a -h cos (a — /?) sin^d)^ 



T = 



(o4 COS /3 — as sin/?)2 



sin^/3 (1 -h 



( 12 ) 



while in Eqs. (11)- (12) {N\ss\N) is the s-quark density matrix element over the 
nucleonic state and a is the angle which rotates the Higgs fields and 
into the mass eigenstates h and H. The approximations employed in deriving 
Eqs.(ll)-(12) imply o; ~ ruh ^ tyia ^ 100 GeV, so that T is of order one. 

Thus, for neutralino configurations with < 20 GeV, turns out 

to be bounded by 



(nucleon) ^ 10 ^°Cm^ GeV^ 

^scalar ~ {ncDMh^)ma. [1 - m2/m2]l/2 ' 

In deriving Eq. (13), we have set (N\ss\N) = 200 MeV [23]. 

A complete numerical evaluation of the neutralino-nucleon cross section, 
where all relevant diagrams are taken into account, is displayed in Fig.2. Here 
the quantity ^^Tgcaiar^^^ plotted as a function of the neutralino mass, where 
^ is a rescaling factor between the neutralino local matter density and the 
total local dark matter density po: ^ = pxl Po (following a standard assump- 
tion, ^ may be taken as ^ = ^^^(l? ^x^^/(^C'JDM^^)min), where we assume 
(^Ci:)M^^)min=0.095, as defined in the previous section). The peculiar funnel 
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Fig. 2. Scatter plot of versus m^. Crosses (red) and dots (blue) denote 

neutralino configurations with ^ (^CDMh^)min and < (f^cDMh^) min, re- 

spectively {(yicDMh?)min = 0.095). The curves delimit the DAMA region where the 
likelihood-function values are distant more than 4cr from the null (absence of modula- 
tion) hypothesis [24]; this region is the union of the regions obtained by varying the 
WIMP DF over the set considered in Ref. [25]. 







in the scatter plot for < 20 GeV is due to the bound of Eq. (13). In Fig.2 
the contour line delimits the annual modulation region recently derived by the 
DAMA Collaboration (after Fig. 28 of Ref. [24]), defined as the region of the 
plane, where the likelihood- function values are distant more 
than 4cr from the null (absence of modulation) hypothesis. In deriving this con- 
tour line, the DAMA Collaboration has taken into account a rather large class 
of possible phase-space distribution functions (DF) for WIMPs in the galactic 
halo[25]. From Fig.2 we derive that the entire population of relic neutralinos with 

< 25 GeV as well as a significant portion of those with a mass up to about 
50 GeV are within the annual-modulation region of the DAMA Collaboration. 

Other experiments of WIMP direct detection have recently published new 
data: CDMS[26] and EDELWEISS [27]. Both results are given in terms of an 
upper bound on crgcaiar ^ given DF (an isothermal distribution) and for a 

single set of the astrophysical parameters: po — 0.3 GeV • cm~^, vq — 220 km 
• s"^ (t'o is the local rotational velocity). These upper bounds are displayed in 
Fig. 1(b) of Ref. [4], together with our theoretical scatter plot. From that figure it 
is possible to see that in case of an isothermal DF with the representative values 
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of parameters given above, a sizeable subset of supersymmetric configurations in 
the mass range 10 GeV < < 20 GeV would be incompatible with the CDMS 

experimental upper bound (together with some configurations with > 80 
GeV), while the EDELWEISS constraint turns out to be marginal for the low- 
mass population. 

Note, however, that in order to set a solid constraint on the theoretical pre- 
dictions, it would be necessary to derive from the experimental data the upper 
bounds on for a large variety of DEs and of the corresponding astro- 

physical parameters (with their own uncertainties) ; the intersection of these bo- 
unds would provide an absolute limit to be used to possibly exclude a subset of 
supersymmetric population. A combined investigation of all experiments along 
these lines is not available at the moment. 

In conclusion, the experimental exploration of the low-mass neutralino po- 
pulation is already under way in case of some experiments of WIMP direct 
detection and within the reach of further investigation in the near future. 
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QCD Axion and Quintessential Axion 



Jihn E. Kim 

School of Physics, Seoul National University, Seoul 151-747, Korea 



Abstract. The axion solution of the strong CP problem is reviewed together with 
the other strong CP solutions. We also point out the quintessential axion(quintaxion) 
whose potential can be extremely flat due to the tiny ratio of the hidden sector quark 
mass and the intermediate hidden sector scale. The quint axion candidates are supposed 
to be the string theory axions, the model independent or the model dependent axions. 



1 The Strong CP Problem 

At this conference, the organizer asked to review on the axion [1] as the CDM 
candidate [2]. Therefore, I will review the QCD axion and the related problem, 
the strong CP problem. With supersymmetrization, an O(GeV) axino can be a 
CDM candidate also [3] in addition to the axion CDM, but we will not discuss 
this interesting class of CDM candidate here. It was reviewed in another DM 
conference [4]. Out of several CDM candidates, the axion is most attractive since 
it arises from the need to solve the strong CP problem. One crucial difference of 
the axion CDM from most other CDM candidates is that the axion is a classical 
field oscillation [2] while many other CDM candidates rely on their heavy particle 
nature. The classical axion potential is extremely flat as shown in Fig. 1. The 
axion value (a) stays at some point (the bullet) for a long time before it starts 
to oscillates, which occurs at T 1 GeV when the Hubble time l/JT becomes 
larger than the oscillation period rria- 




^ ► < a > 

Fig. 1. The very flat axion potential. The minimum of the potential is shown by a 
triangle. The initial axion vacuum is shown as a bullet. 



This axion is the invention from the need to solve the strong CP problem. 
The instanton solution in nonabelian gauge theories needs an effective term 
parametrized by [5] 



327t2 



( 1 ) 
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where FF = is the Pontryagin term of the gluon field strength 

F^^. The 9 parameter is the final low energy value, taking into account the weak 
CP violation. It can be split into two pieces 9= 9qcdF 9y^eak where 9qcd is the 
parameter determined at high energy scale and 9y^eak— Arg.Det.Mg is the one 
generated at the electroweak scale. Since 9 contributes to the neutron electric 
dipole moment (NEDM), the experimental upper bound on NEDM constrains 
1^1 < 10“^, which is a fine-tuning problem: the so-called strong CP problem. 

One may argue that there is no strong CP problem from the beginning. One 
such argument is a 5D extension where there is no 5D instanton solution [6]. 
However, I think that in the 4D effective theory language where 5D is hidden 
one should consider the 9FF term at low energy, and the strong CP problem 
reappears. 

So, in this talk I will review the solutions of the strong CP problem first on, 

• the calculable 9weak^ 

• the massless up quark solution, and 

• the very light axion, 

and then go on to discuss an axion-like particle, 

• the quintessential axion [7]. 

The calculable 9^eak and the massless up quark cases are discussed in the 
subsequent subsections, and the very light axion and quintessential axion in 
separate sections. 

1.1 Calculable O^eak 

In this kind of theories 9qcd is supposed to be zero, which can be implemented 
by assuming the CP invariance of the Lagrangian. Thus, the weak CP viola- 
tion can be introduced only spontaneously [8]. After the weak CP violation is 
introduced spontaneously, 9^eak can be calculated. In the beginning, this kind 
of models were proposed by changing the weak interactions [9]. However, the 
Kobayashi-Maskawa(KM) type weak CP violation seems to be working, and 
the above spontaneous weak CP violations are not working. In this regards, the 
Nelson-Barr approach [10] of the spontaneous CP violation at a very high energy 
scale with a calculable 9^jeak has attracted a great deal of attention since at low 
energy it leads to the KM type weak CP violation. However, it needs superheavy 
particles with a vectorlike representation at high energy scale. 

1.2 Massless Up Quark 

Suppose that we chiral-transform a quark field q, 

q — > e^^^^q (2) 

It is equivalent to changing 9-^9— 2a. Thus, if a theory admits such a transfor- 
mation, i.e. if there exists a massless quark, then the strong CP problem is not 
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present. The up quark is most promising for the massless quark possibility. It 
was known from the very early days of the 0 vacuum that a massless up quark 
solves the strong CP problem. The current debate [11, 12, 13, 14] on the mas- 
sless up quark solution is a phenomenological one. The famous up/down ratio 
Z = vriulvTid — I [15] seems to rule out the mu — 0 possibility. 

But the story below 100 GeV is not so simple. The point is that there exists 
the ’t Hooft determinental interaction [16] shown in Fig. 2. 




Fig. 2. The ’t Hooft determinental interaction is shown as arrows. The s quark line 
can be closed to give an effective instanton generated ^URULdndL interaction. 



The hard quark mass considered in the chiral perturbation theory is hard at the 
300 MeV scale. If the instanton generated mass is defined much above 300 MeV, 
then it will act like a hard mass in the chiral perturbation theory. Indeed, by 
closing the strange and down quarks^ in Fig. 2, one can obtain an up quark mass 
of order 



mams 
mu = — 

where A is the instanton related QCD parameter of order GeV. Suppose that 
the electroweak symmetry breaking gives a massless up quark. Then, there is no 
strong CP problem. But the chiral perturbation calculation can be performed 
with the above instanton generated nonzero up quark mass. So, the massless up 
quark problem is whether the instanton generated up quark mass is consistent 
with the phenomenology of the chiral perturbation. Here, there are two groups 
sharing the opposite view: 

^ By connecting the ur,sr quark lines of Fig. 2 with ur.sl lines in the Gp order 
weak interaction, the instanton generated AI — | was obtained long time ago [17]. 
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Kaplan-Manohar, Choi: Yes, the up quark can be massless. 

Leutwyler: No, the up quark cannot be massless. 

Kaplan and Manohar [ 11 ] considered the second order chiral perturbation theory 
and found that Z = ^ 0.2, and concluded that rriu = 0 is not ruled out. In 

fact, they considered the L 7 term in the chiral perturbation theory, — 

where x is a 3 x 3 mass matrix and 1/ is a 3 x 3 unitary matrix in terms 
of the octet pseudoscalar mesons, and obtained for the case of rUu — 0 

L 7 (1 ~ 2) X 10 [ or (2Z/8 — ^ 5 ) 771^=0 — —(1-2 ~ 2.6) x 10~^] (4) 

where Lg and L 5 are other terms in the chiral perturbation. Leutwyler [13] 
attempted to compute L 7 using the QCD sum rule with the 77' (the SU( 3 ) singlet 
meson) dominance, in analogy with the vector dominance model, and obtained 
I /7 —(2 ~ 4) xlO""^. If Leutwyler’s calculation is correct, the rriu — 0 possibility 

is ruled out. However, there are arguments con Leutwyler. For example, the 77' 
dominance can be questioned. To answer this problem, Choi [14] followed the 
modern interpretation for the 77' mass, i.e. the instanton contribution to the 77' 
mass, in which case he showed that he could change the sign of L 7 , to I /7 ~ (3 ~ 
8) X lO-"^. Choi’s result is obtained by semiclassical approximation supplemented 
by gluon condensate which may be the only unreliable point. Anyway, it was 
noted that instanton effects suppress r]' contribution to Lj. So, it is fair to say 
that the problem is not completely settled in the chiral perturbation theory. 

There has been a new development in the lattice calculation of the chiral 
perturbation parameter. For example, a lattice calculation [18] gives [19] 

2Ls — L 5 ~ (9 ± 4stat ± 20syst) X 10“^ (5) 

with ruulrrid — 0.484 ± 0.027. If it is true, the rriu = 0 possibility is closed. 
However, there can be questions on the lattice calculation such as the small 
number of lattice sites and no inclusion of the instanton effects. Anyway, the 
possibility of rriu = 0 is raised from the instanton contribution to the up quark 
mass. Therefore, it is fair to say that the rriu — 0 possibility is not closed yet 
from lattice calculation. 



2 The QCD Axion 

Axion was noted [20] from the spontaneously broken Peccei-Quinn symme- 
fi’y [21]. More generally, we can define an axion a as the pseudoscalar WITHOUT 
ANY POTENTIAL EXCEPT that arising from the following nonrenormalizable 
coupling, 

where Fa is called “axion decay constant”. As shown in Table 1 , this nonre- 
normalizable interaction can arise in several different ways [ 22 , 25, 21 , 27, 28]. 
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Table 1. Nature of the axion 



Source of the non-renormalizable interaction 


Fa ~ 


Higher dimensional fundamental 


Planck scale Mp 


interaction [22, 23, 24] 




In composite models [25, 26] 


Compositeness scale Me 


Spontaneously broken PQ symmetry 


PQ symmetry breaking scale v 


[21, 27, 28] 





t 





^ = 0 



Fig. 3. The minimum of the free energy of 0 parameter is at 0 = 0. 



The axion potential arising after integrating out the gluon field has the fol- 
lowing two properties, 

• It is periodic with the periodicity 27t F a ^ 

• Its minimum is at (a) = 2ri7rFa {n = integer) [21, 29]. 

Taking into account the above points, one can write a cosine potential of a: 
~^QCD cos(a/Fa). The height of the potential is determined by the strong in- 
teraction scale Aqcd- For the vanishing cosmological constant, we can write 
the potential as “ cos where is an educated guess. Actually, 

^QCD iCLUst be qualified by considering the axion mixing with pions. In the cur- 
rent algebra or in the chiral perturbation calculation, one can fix this coefficient 
to obtain [30],^ 



^ Actually, the exact expression for the axion potential from chiral symmetry is [1] 
V[a] = f^rni -f- -f 2mumd cos{a / Fa) / (rriu + rud)^. The expansion 

upto the cos{a/Fa) term gives the result (7). 
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As we know that a massless quark makes the axion potential fiat, we can guess 
that the coefficient is mumdA^fjjj{ov at low energy) which turns out 

to be (number) We have to remember that the overall coefficient has the 

small quark masses, which will be very useful in the discussion of quintaxion. 
The shape of the potential is shown in Fig. 3. 

It shows that at the minimum of the axion potential ^ = 0, solving the 
strong CP problem. Basically, the axion solution of the strong CP problem is a 
cosmological solution. Namely, in the evolving universe, the classical axion field 
seeks the minimum where 



0 = 0 , 



( 8 ) 



whatever happenned before. But note that the weak interaction violates the CP 
invariance and introduces a small CP odd term in the axion potential, which 
shifts the 0 minimum slightly to ^ ~ 10“^^ [31]. 

From (7), one can easily compute the very light axion mass 



m 



a 



^ Z Fa 



~ 0.6 [eV] X 



10^ GeV 
Fa 



(9) 



From the early days of axion physics, the PQWW axion seemed to be in 
conflict with laboratory experiments [32], which was the reason that a number 
of calculable O^^ak models were tried in 1978 [9]. From the cosmological point of 
view, the PQWW axion is not of much significance since its lifetime is around 
10“^ s order. This has led to the invention of the invisible axions [27, 28], but 
it is proper to call them as very light axions since in the Sikivie type cavity 
experiments [33] one may detect the Galactic axions. 

The very light axions are restricted by several laboratory experiments. These 
include 

(1) meson decays: J/t/^ — ya, v — ya, — )► 7r+a, etc. 

(2) beam dump experiments: p(e) + N — a-\- X, a — yy, or e+e“, 

(3) nuclear deexcitation: iV* — Na, a — > yy, or e“^e“. 



The above laboratory experiments restrict the decay constant of the very 
light axion to 

Fa > 10^ GeV. (10) 

However, the laboratory bound is not as strong as the supernova bound which 
is discussed in the following section. 



3 The Axion Window from Outer Space 

3.1 Stars 

A stringent lower bound on the axion decay constant comes from the study of 
stellar objects such as Sun, red giant stars, and supernovae [1]. 
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In the hot plasma in stars, there exist high energy particles: 7 , e,p, and even 
gluons and quarks if the interior temperature is high enough. The hot plasma of 
the interior of stars, even axions can be produced. But the axion interaction rate 
is suppressed by Fa- Bigger stars seemed to give stronger constraint. For example, 
the red giant gave a stronger constraint than Sun, and the supernovae gave even 
more stronger constraint than red giant stars [1]. Even before the discovery of 
SN1987A, there was a prophetic paper on supernovae by Iwamoto [34], and 
furthermore most stars are surveyed by Pantziris and Kang [35]. In this study, 
the red giant constraint was the strongest, giving a bound Fa > 0.8 X 10® GeV. 
Unfortunately, Pantziris and Kang did not give a useful bound from supernovae, 
presumably from the ill-treated pion- nucleon couplings. 

The lucky observation of SN1987A gave the strongest lower limit on Fa, 
Fa > 0.6 X 10^ GeV [36]. In the actual calculation, a correct treatment of the 
interactions is needed. For example, for the pion-nucleon coupling one can use 
pseudo-vector derivative couplings and pseudo-scalar couplings. The reason is 
that the most conspicuous process of the axion emmission in supernovae is 

NfN — >NFNF a (11) 

with a pion exchange diagram. Without a correct treatment of this NNtt cou- 
pling, the calculations cannot be trusted. It was only clarified [37] after the initial 
calculations [36], but the bound still remains at order 10 ^ GeV. 



3.2 Cosmology 

The axion has a few interesting properties relevant for cosmology. Since the 
axion is created by the spontaneous breaking of a global U{1) symmetry, the 
cosmic strings can be created in the early universe [1]. The oscillation of this 
axionic string can be damped by creating axions. This was used to restrict the 
bound on Fa [38], to less than 10^^ GeV. Another interesting object created by 
axion background is the axionic domain walls [39], which can be problematic in 
the standard Big Bang cosmology. However, these problems are avoided in the 
most popular cosmological scenario, i.e. infiation with supergravity Lagrangian. 
Supersymmetry seems to be the most popular extension beyond the standard 
model, and the inflationary idea seems to be needed for the flatness and ho- 
mogeneity problems. In this case, the gravitino cosmology is inescapable and 
the reheating temperature after inflation is better to be less than 10 ^ GeV [40]. 
Thus, the problematic axions from axionic strings and axionic domain walls are 
all inflated away. 

After the inflation, the value of the classical axion field in our homogeneous 
patch is of order Fa- For (a) <C Fa, the probability is so small. Therefore, in 
general this initial value of the classical axion field is supposed to be of order 
Fa, {o)rh = Fi ~ 0{Fa)- This initial value of (a) stays there for a long time 
since the axion potential is extremely flat as shown in Fig. 1 . The axion vacuum 
starts to oscillate when the Hubble expansion rate(l/i7) became small enough 
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dopvj X 



Fig. 4. The status of the axion search experiments of Rochester-Brookhaven, Florida, 
LLNL, Kyoto, and MIT-Fermilab experiments. 
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to be comparable as the classical axion oscillation rate(l/ma), which happens 
when the temperature of the universe falls to around Ti 1 GeV [ 2 ]. Below T\ 
the oscillating classical axion field carries the energy density of order rn^{a)‘^ . 
As the universe expands, the amplitude of the axion field shrinks, which is the 
result of the conserving axion number density rria{o)‘^ in the comoving volume. 
Taking into account of this evolving axion universe, one obtains [2, 41, 1], 

= . ( 12 ) 

In Eq. (12), the factors except ^ gives roughly lO^Pc where pc is the current 
critical energy density. Therefore, not to overdose the universe by the oscillating 
axion field. Fa should be less than 10^^ GeV. 

Summarizing the astro- and cosmological- bounds, we arrive at an axion 
window still open to be observed, 

10^ GeV <Fa< 10^2 GeV. (13) 

Note, however, that if the axions constitute only 25% of the critical energy den- 
sity then Fa should be \ of the above estimate. However, we will take 10^^ GeV 
as a generic number since there can exist other uncertainties such as the initial 
value of (a), the domain wall number, etc. 



3.3 Galactic Axion Search 

If the axion is the CDM component of the universe, it is pointed out that they 
can be detected [33]. Even though the interaction is inversely proportional to Fa, 
the enormous number density cancels this effect, and the galactic axions can be 
detected. Indeed, there have been several experiments since late 1980’s [42, 43]. 
The cavity [42] and Rydberg atom [43] searches utilize the 3Ddon-FF{photon) 
coupling. Even though the 9FF{photon) is absent since 0 is a parameter, the 
axion-FE is a physically observable operator [33] . Sikivie considered this axion- 
FF coupling in the presence of strong gradient of magnetic field of order 10 
Tesla. 

In Fig. 4, we summarize the current status of the axion search experiments. 
There are two points to be clarified here. One is that there are many very light 
axion models, in KSVZ type and in DFSZ type. The definition of the notation 
is given in Kim [44]. For example, an arbitrary choice of 63 = 1 cannot fulfil the 
unification of couplings, and hence should not be considered toward unification 
of elementary particle forces [45] . Another point is that these estimates are based 
on closing the universe by axions. If it is required that only 25% of the critical 
energy is closed by the axions, the constraint on the axion density is strengthened 
by a factor of 4. 

It is noted that still there is a lot of room to allow the very light axion as 
CDM. 
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4 The Quintaxion (Quintessential Axion) 

Typa la supernova data and WMAP data hints that 73% of the energy of the 
universe is homogeneous dark energy [46], and hence does not contribute the 
galaxy formation unlike the CDM candidates. In this section, we try to introduce 
an axionlike particle for the dark energy, which is called a quintessential axion 
or quintaxion. As this name suggest quintaxion is a kind of pseudo Goldstone 
boson whose potential arises from instanton effects. This kind of extremely light 

10“^^ eV) pseudo- Goldstone boson was suggested sometime ago [47]. The 
attempt to incoorporate it in superstring or M-theory was also tried [48]. There 
have been another kind of scalars whose present vacuum energy is required to 
be ^ (0.003 eV)^, which are generally called quintessence [49]. 

The condition for quintaxion is cj = p/p < — For a pseudo- Goldstone 
boson aq = Of with the potential U {0) and the decay constant /, a; is given as 

-6f + M^\Ur 

6/2 + M 2 | C /'|2 • ^ > 

With / near the Planck scale a quintaxion is natuarally realized [47]. For su- 
perstring axions, the decay constants are expected to be of order Planck scale 
but the model-independent axion decay constant is of order 10^^ GeV [50]. Ex- 
cept this special case, we generally anticipate that string axions such as the 
model-dependent ones would have a Planck scale axion decay constants. So, 
even though we present formulae for the model-independent axion for a concrete 
presentation, this caviat is implied. For this quintessential axion to work, we 
require that the potential is extremely flat with the height of order (0.003 eV)^ 
with a Planck scale order decay constant. 

From our discussion on the massless quark in Sec. 1, it is very tempting to 
use some kind of almost massless quarks for the extremely flat quintessential 
potential. Since a hidden sector is needed for supersymmetry breaking, we will 
attempt the hidden-sector quarks (h- quarks) as fulfilling this purpose. Before 
presenting a quintaxion along this line, let me comment a few words on the 
superstring axion. 

Among several possibilities of the QCD axion given in Table 1, the super- 
string axion seems to be the most attractive realization. The axion is definitely 
the most attractive solution of the strong CP problem, because it arises by au- 
tomatically solving the strong CP problem. It relies only on the aFF coupling. 
On the other hand, the other solutions should massage the theory much, by po- 
stulating specific forms of couplings. For example, rriu = 0 possibility is not that 
simple theoretically. It requires that Det. M^p = 0, which is a highly nontrivial 
requirement for the nine complex entries of M^p. Similarly, superstring axions 
is the most attractive since all string compactifications render a plenty of axi- 
ons. For the other axions, one massage the theory more compared to the string 

But the recent WMAP data [46] suggests a stronger uj < —0.8. 
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axions. In this regards, if the mo del- independent axion were acceptable as the 
QCD axion, then it might have given a very reliable axion candidate. 

However, the model-independent axion failed miserably because of a too large 
axion decay constant [50]. So, as the first principle the string axion as the QCD 
axion failed. One must remove this model-independent axion at high energy. 
Indeed, it is possible to do so, if there exists the anomalous U{1) gauge sym- 
metry so that the U{1) gauge boson eats up the model-independent axion as its 
longitudinal degree [51]. But, then there must survive a global symmetry which 
must be broken at the intermediate scale [52]. In another context, some discrete 
symmetries were invoked to obtain an approximate global symmetry, approxi- 
mate in the sense that the global symmetry breaking operators are allowed at 
dimension 13 and higher [53]. In these cases, string models can allow a QCD 
axion. 

Here, we are interested in obtaining the QCD axion also together with a 
quintaxion in string inspired models [7]. We are arrived at this kind of scenario 
from old solutions of the problem [54] through the composite QCD axion [26]. 
The superstring axions couples to both the QCD anomaly and the hidden sector 
anomaly. In this case, we must consider two 0 angles, Oqcd and Oh- To have the 
vacuum at Oqcd = = 0, we need two axions. Here, we want to introduce two 

such axions as the composite one from the hidden-sector squark condensation 
and a superstring axion. In this case, there exists a problem that an axion with a 
higher potential corresponds to the smaller axion decay constant and a shallower 
potential corresponds to the larger decay constant [48]. Since the hidden sector 
is expected to be at Ah ~ 10^^ GeV, the QCD axion generally corresponds 
to the Planck mass decay constant, grossly violating energy bound [2]. This 
correspondence is shown in Fig. 5 as real lines. We have to change this behaviour 
to introduce a reasonable QCD axion. 



FF 



FhFh 




Fig. 5. One naively anticipates that the QCD axion corresponds to a Planck scale decay 
constant. Our objective is that the QCD axion should corresponds to Fa — 10^^ GeV 
as shown with the dashed arrows. 



It seems that the string axion problem is a real problem. However, if the 
hidden-sector instanton potential is made shallower than the QCD axion poten- 
tial, the QCD axion can be saved, as shown in Fig. 5 as dashed lines. In this 
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regards, we adopt the idea of the almost massless h-quarks. But if the h-quark 
mass is exactly zero, then there is no quintessence. So we must render the h- 
quarks tiny masses. As we have seen in Sec. 1, the current quark masses come in 
the determination of the instanton potential. For the hidden-sector vacuum, we 
assume almost massless hidden-sector quarks. Also hidden sector gluino mass 

100 GeV) is much smaller than the hidden sector scale Ah ^ 10^^ GeV. 

A solution of the fi problem is assuming a Peccei-Quinn symmetry,^ forbid- 
ding the H 1 H 2 term and QiQj term in the superpotential. The Peccei-Quinn 
symmetry, however, allows [26] 

(15) 

where c is an order 1 number. If the h-squarks QiQj condenses at the interme- 
diate scale we obtain a {jl term at the electroweak scale order. This is one side of 
a coin. The other side of coin is that if the Higgs fields develops vacuum expec- 
tation values at the electroweak scale, v ~ 248 GeV, then the h-quarks obtain 
tiny masses of order 

tuq 0.64 X 10“^^ sin 2/? [GeV] (16) 

where j3 = {H 2 )/{Hi). 

For small instantons, the height of the potential is estimated to be, for n 
h-quark fiavors and N number of colors, 

(17) 

Thus, the hidden sector potential can be extremely flat, contrary to a naive 
expectation. It is because the h-quark mass and h-gluino mass are much smaller 
than the hidden sector scale Ah- Anyway, even though it looks weird, the hidden 
sector axion potential is much smaller than the QCD axion potential, realizing 
the dashed line correspondence of Fig. 5 [7]. It has been much pronounced by 
almost the massless quark. 

Summarizing, we needed two axions which are provided by (1) superstring 
axions, either the model-independent axion or model-dependent axions which 
becomes the quintaxion, providing the dark energy and (2) the axion through 
introducing a Peccei-Quinn symmetry needed for solving the supergravity fi 
problem. The h-squark condensation introduces another axion which becomes 
the QCD axion, providing the CDM in the universe. 



5 Conclusion 

In this talk, I reviewed the current status of the strong CP problem and axion. 
Regarding the QCD axion, we showed also the current status of the axion search 

^ Supersymmetry breaking in supergravity can generate a (jl term [55]. But here also, 
one must assume the absence of H 1 H 2 in one way or another. 
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bound, assuming that the QCD axion is the dominant component of the CDM. 
Furthermore, we speculated that the axionlike particles present in superstring 
models can be candidates for the source of the dark energy in the universe. 
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Abstract. In the Randall- Sundrum scenario we analyze the dynamics of a spherically 
symmetric 3-brane when the bulk is filled with matter fields. Considering a global 
conformal transformation whose factor is the symmetric warp we find a new set of 
exact dynamical solutions for which gravity is bound to the brane. The set corresponds 
to a certain class of conformal bulk fields. We discuss the geometries which describe 
the dynamics on the brane of polytropic dark energy. 



1 Introduction 

In the Randall-Sundrum (RS) brane world scenario the visible Universe is a 3- 
brane boundary of a symmetric 5-dimensional anti-de Sitter (AdS) orbifold [1, 
2]. There are two basic settings. On one hand the RSI model [1] with two branes 
and a compactified fifth dimension and on the other the RS2 model [2] with 
a single brane which may be associated with an infinite fifth dimension. With 
two branes the hierarchy problem is reformulated introducing an exponential 
warp in the fifth dimension. The gravitational field is localized on the hidden 
positive tension brane and decays towards the visible negative tension brane 
thus producing an exponential hierarchy between the Planck and weak energy 
scales. In the RS2 model the same warping of the fifth dimension ensures that 
the graviton is bound to the brane. 

In the RS models the classical field dynamics is defined by 5-dimensional 
Einstein equations with a negative bulk cosmological constant Dirac delta 
sources representing the branes and a stress-energy tensor describing other bulk 
field modes [l]-[3]. In the RS2 model a set of vaccum solutions is given by 



dsl =dy‘^ + e , (1) 

where the 4-dimensio nal line element ds\ is Ricci flat, I is the AdS radius given 
by I = \ j ^ with and M 5 the fundamental 5-dimensional 

Planck mass. The brane cosmological constant is fine-tuned to be zero giving 
Aq = — where A > 0 denotes the brane tension. Due to the periodicity 
and the Z 2 symmetry of the RS orbifold these solutions also hold for the RSI 
model. Then the two branes have opposite tensions and A > 0 is the tension of 
the hidden Planck brane. 
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The low energy theory of gravity on the brane is 4-dimensional general re- 
lativity and the cosmology may be Friedmann- Robertson- Walker [1]-[10]. Howe- 
ver, it should be noted that in the RSI model this has only been achieved if a 
scalar field is introduced in the bulk to stabilize the size of the fifth dimension 
[3, 6, 9, 10]. The problem of the gravitational collapse of matter was also investi- 
gated in the RS scenario [ll]-[16j. It was found that a black string solution first 
discussed in a different context by Myers and Perry [17] induced the Schwarz- 
schild metric on the brane [11]. However for such a solution the Kretschmann 
scalar diverged both at the AdS horizon and at the black string singularity [11]. 
The solution is thus expected to be unstable [11, 18]. It may decay to a black 
cylinder localized near the brane which is free from naked singularities [11]. So 
far this continues to be a conjecture. Indeed, while exact solutions interpreted as 
static black holes localized on a brane have been found for a 2-brane embedded in 
a 4-dimensional AdS space [12], a static black hole localized on a 3-brane remains 
unknown. The difficulty lies in the simultaneous localization of gravity and mat- 
ter near the brane without the creation of naked singularities in the bulk [11], 
[13]- [16]. This has inspired another conjecture stating that D -h 1-dimensional 
black hole solutions localized on a D — 1-brane should correspond to quantum 
corrected D-dimensional black holes on the brane [15]. Related to the AdS/CFT 
correspondence [19] this connection provides an extra motivation to look for 
5-dimensional collapse solutions localized on a brane. There are also many bra- 
neworld solutions, obained from the effective 4-dimensional point of view by the 
application of the covariant Gauss-Codazzi formulation [20, 21], that have so far 
not been associated with exact 5-dimensional spacetimes [22]- [25]. 

In this proceedings we report on research about the dynamics of a spherically 
symmetric 3-brane when conformal fields are present in the bulk [16, 26] (see 
also [27]). We focus on 5-dimensional solutions which describe the dynamics of 
polytropic dark energy on the brane [26]. 



2 Einstein Equations 



Let us start by introducing (t, r, 6, 0, z) as coordinates in the 5-dimensional bulk. 
The most general metric consistent with the Z 2 symmetry in 2 ; and with 4- 
dimensional spherical symmetry on the brane is given by 



dsl = -f e^^dr‘^ + B?d^% -h dz‘^) , (2) 

where $4 = r, 2 ;), A = A(t,r,z), B = B{t,r,z) and R = R(t,r,z) are Z 2 
symmetric functions. Vt is the warp factor and R the physical radius of the 
2-spheres. With a single brane the classical dynamics is defined by 






^ j - ^o) (5;: - <55"^^ - r; 



where the bulk stress-energy tensor is conserved in the bulk 



( 3 ) 
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= 0 . ( 4 ) 

For a general 5-dimensional metric the Einstein equations (3) are ex- 
tremely complex. To be able to solve them we need simplifying assumptions 
about the field variables involved in the problem. Let us first assume that under 
the conformal transformation the bulk stress-energy tensor has 

conformal weight s, 

f; = . (5) 

Then Eq. (3) may be re-written as 
G;; = -6Q-2 

+ xn-H{z - ^o) (.5;: - 5151) - . (6) 

Similarly under the conformal transformation the conservation equation becomes 

VpTi^ + [(5 + 7)Ti:dpn - T>id,n] = o . (7) 

If in addition it is assumed that then Eq. (6) may be separated in 

the following way 

g;: = kIt; , (8) 

6Q-^VpQVpngp‘' - SQ-^VpVpflgP'' + 3n~^V pV a^gp<^ 5''^ = 

-4n-^[AB5''p + \n-H{z-z^){5’;,-5-^5l)] . (9) 

Because of the Bianchi identity we must also have 

= 0 , (10) 

3T^a^^^ - = 0 . (11) 

Note that Eqs. (8) and (10) are 5-dimensional Einstein equations with matter 
fields present in the bulk but without a brane or bulk cosmological constant. 
They do not depend on the conformal warp factor which is dynamically defined 
by Eqs. (9) and (11). The warp is then the only effect reflecting the existence 
of the brane or of the bulk cosmological constant. We stress that this is only 
possible for the special class of bulk fields which have a stress-energy tensor 
with conformal weight s = — 4. 

Thought now partially decoupled the 5-dimensional Einstein equations are 
still difficult to solve. Note for instance that the warp depends non-linearly on 
the metric functions A, B and R. So let us further assume that A = A{t,r), 
B = B(t, r), R = R{t, r) and Q = 1 ^( 2 ;). Then we obtain 

g^^ = 4tI Van = o, 



( 12 ) 
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Gi = kIt; 



(13) 



= -kIQ^Ab , (14) 

\Ab + Ar2“^5(2: — ^o)] (15) 

and [5, 28] 

2T^=T^, (16) 

where the latin indices represent the coordinates t,r,0 and (p. 

The warp is now independent of B and R. It may be chosen to be the RS 
factor [ 1 , 2 , 11 ] 



— ^RS 



I 

jz - Zo\ + Zo 



(17) 



Naturally, other warp factors depending only on z such as those of thick branes 
[29] and non-fine-tuned branes [30] may also be considered (see [14]). On the 
other hand the highly coupled 5-dimensional collapse dynamics has been reduced 
to 4-dimensional dynamics. Consider a diagonal stress-tensor, 



= diag{-p,Pr,PT,PT,Pz) , (18) 

where p, pt and Pz denote the bulk matter density and pressures. Then Eq. 
(16) is re-written as 



p-Pr-2pT + 2pz = 0 . (19) 

The collapse of the conformal bulk matter is in general inhomogeneous and 
defined by Eq. (12). The matter dynamics generates a pressure Pz along the fifth 
dimension which must consistently be given by Eqs. (13) and (19). 



3 Polytropic Dark Energy 

To behave as polytropic dark energy the stress-energy tensor should be of the 
form (18) where the bulk matter density p and pressures Pr, Pt and Pz are given 
by 



p ^ Pp, Pr = -PPp^", Pt =Pr: Pz = {Pt> + ^VPp"^) • (20) 

Above Pp defines the polytropic dark energy density and the parameters (a, 77 ) 
characterize different polytropic phases. In what follows we restrict our attention 
to the generalized Chaplygin phase characterized by — 1 < a < 0 [16, 31, 32]. 
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The polytropic energy density pp is obtained by solving the conservation 
equations in Eq. (12) which in this case reads 

Pp + + 2^^ (pp - r/pp“) = 0, A' (pp - ppp“) - r]app°‘~^pp' = 0 . (21) 

Taking an homogeneous density pp = the metric function A{t,r) may be 

safely set to zero. Then since the off-diagonal Einstein equation = 0 has 
solution = R' fH with H = H{r) an arbitrary function of r we obtain 

Pp = (jl+ gs-3a ) ’ (22) 

where a is an integration constant and S = S{t) is the Robertson- Walker scale 
factor of the brane world which is related to the physical radius hy R ^ rS. 

At small S the Chaplygin dynamics is dominated by the homogeneous dust 
phase with pp = . The Chaplygin gas has an intermediate phase 

defined by the equation of state pp = —app which satisfies the dominant energy 
condition. For large S the dynamics is dominated by an effective cosmological 
constant term. An evolution of the Chaplygin equation of state may thus describe 
the change in the dark energy behavior during the expansion of the Universe. 

Next consider the diagonal Einstein equations in Eq. (12). Because Pr = Pt 
it must be GJI = G^. As a consequence 

^1-kr^ , (23) 

where the constant k is the Robertson- Walker curvature parameter. Then sub- 
stituting R rS in 



-G\ + GI + 2Gl = -2|J - 4| = «5 (pp - 3 pPp“) (24) 

we obtain 

| = -(|(Pp-377Pp“) . (25) 

On the other hand the radial equation = n\pr leads to 

S^ = ^p^S^-k. (26) 

Naturally, Eqs. (25) and (26) are related by a derivative. They are consistent 
when Pp obeys the conservation Eq. (21). Using Eqs. (26), (25), (23) and the 
expression for pz given in Eq. (20) we conclude that G^ = i^^Pz is an identity 
for all the parameters of the model. 

With Q. — Qps given by Eq. (17) we obtain the following 5-dimensional 
polytropic solutions for which gravity is confined to the vicinity of the brane 
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ds% — Q. 



2 

RS 



-de + 52 



dr^ 

1 — kr‘^ 



H- r^dVti 



dz^ 



(27) 



In Eq. (27) S satisfies Eq. (26). Thought obtained for the RS2 model these 
solutions also hold for the RSI model due to the periodicity and the Z 2 symmetry 
of the orbifold. In the RSI model the two branes are then twin universes with 
opposite tensions and an identical cosmological evolution. 

Let us now verify that if a 4-dimensional observer confined to the brane makes 
the same assumptions about the bulk degrees of freedom then she deduces exactly 
the same dynamics [16]. Indeed, the non-zero components of the projected Weyl 
tensor [21] read 



4 = = = (28) 
Then the effective 4-dimensional dynamics is given by 

G\ = -4p,, Gl = G^ = Gl = -kItjp? . (29) 

The 4-dimensional observer also sees gravity confined to the brane since she 
measures a negative tidal acceleration [24] given by 






k^Ab 

6 



(30) 



This implies that the geodesics just outside the brane converge towards the brane 
and so for the 4-dimensional observer the conformal bulk matter is effectively 
trapped inside the brane. 

The effective 4-dimensional Chaplygin dynamics on the brane may lead to 
the formation of a shell focusing singularity at S' = 0 and of regular rebounce 
epochs at some S ^ 0. This can be analyzed [25, 33] with the following potential 
V = V(S) defined by 



_J_ 

V{S) = SS^ = ^ (r/53-3“ + a) - kS . (31) 

If for all S' > 0 it turns out that E > 0 then a shell focusing singularity forms 
at S' = 0. However, if an S = S* > 0 exists such that E(5*) = 0 then there is a 
regular rebounce point at S = S*. 

According to recent experimental bounds [32] the allowed range of values for 
7] and a are 77 > 0 and a > 0 or 77 < 0 and a < 0. For k = 0 the potential is positive 
for all —1 < a < 0 if 77 > 0 and a > 0. If 77 < 0 and a < 0 then this only happens 
for the set a = —p/q, q > p with q and p , respectively, even and odd integers. In 
any of these cases there are only singular solutions without rebouncing epochs. 
The Chaplygin shells may either expand continously to infinity or collapse to 
the singularity at S = 0 where 



F(0) = 



— ai-« 

3 



> 0 . 



(32) 
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It is for A: 0 that new dynamics appears. With 5 = Z we find 

2 

V = V(Z) = ^ (rfZ^ + a) ^ - kZr^ . (33) 

Consider A; > 0, ry > 0 and a > 0 (see Fig. 1). The condition F > 0 is equivalent 
to V = V(Z) > 0 where 

MV" 



(r]Z^+a) -k^-^Z. 



(34) 




Then there are at most two regular rebounce epochs in the allowed dynamical 
phase space. Since we have 




1— Q! 

a > 0, V' = 3 




1—a 

T)Z^ - k^-°‘ 



(35) 



and 



V" = 6 




1 — a 

TjZ > 0 



(36) 



this is determined by the sign of V at its minimum Vm = V(Zm) where Zm = 
]/(3k/K^)^~°'/3T}. 

IfV„ > 0 then there are no regular rebounce points and the collapsing shells 
may fall from infinity to the singularity at S' = 0 where F ( 0 ) > 0 is given in Eq. 
(32). For Vm = 0 we have just one regular fixed point S = S* which divides the 
phase space into two disconnected regions, a bounded region with the singularity 
at S = 0 , 0 < S < S*, and an infinitely extended region, S > where the 
shells expand with ever increasing speed to infinity. In this region the solutions 
are regular. If Vm < 0 then we have two regular rebounce epochs S = S_ and 
S = S+ such that S_ < S+ . For 0 < S < S_ a shell may expand to a maximum 
radius rS_ and then rebounce to collapse towards the singularity at S = 0. For 
S>S+ the collapsing shells shrink to the minimum scale *5+ and then rebounce 
into accelerated expansion to infinity. For 77 < 0 and a < 0 we find the same 
type of dynamics but now only for the special values a = —pIq^ q > P with q 
and p , respectively, even and odd integers. 

If A; < 0 then for 77 > 0 and a > 0 the potential is always positive and so 
there are only singular solutions without rebouncing points. For 77 < 0 and a < 0 
(see Fig. 2) we must consider a = —p/q, q > p with q and p, respectively, odd 
and even integers to find solutions with rebounce epochs. The condition V > 0 
is still equivalent to V > 0 but now 

V=-(^) {\v\Z^ + \a\)+\k\^~^Z. (37) 



Because we have 
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Fig. 1. Plots of V for k > 0, rj > 0 and a > 0. The dashed, thin and thick lines 
correspond, respectively, to a equal to —1/4, —1/2 and —1 

V(0) = -(^) |a|<0, = (38) 

and 

v" = -e(^) \v\Z<0 (39) 

the sign of V at its maximum Vm = V{Zm) where Zm = \/ {^\k\ / ^/^\ v\ 
shows that the only possibilities are the existence of one or two regular rebounce 
epochs. In the former case the classical brane stays forever in the fixed point and 
in the latter it oscilates back and forth between the two rebounce points. 



4 Conclusions 

In this work we have presented new exact 5- dimensional solutions for which 
gravity is localized in the vicinity of the brane and the dynamics of the bulk 
fields on the brane is that of an homogeneous Chaplygin gas, a possible can- 
didate for the missing dark energy which controls the expansion of the visible 
Universe. The bulk fields were seen to belong to a special conformal class which 
has a stress-energy tensor with conformal weight —4. We have seen that the 
5-dimensional solutions are valid for the RSI and the RS2 models and noted 
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z 

Fig. 2. Plots of V for k < 0, rj < 0 and a < 0. The dashed, thin and thick lines 
correspond, respectively, to a equal to —2/5 and —2/3 



that an observer confined to the brane is led to the same localized braneworld 
dynamics when using an identical description of the field variables. We have 
analyzed the dynamical phase space describing the evolution of the Chaplygin 
shells discussing conditions for the formation of shell focusing singularities and 
of regular rebounce epochs. However, alt bought gravity is bound to the brane 
the conformal bulk fields are not localized near the brane. Indeed, the density 
and pressures increase with 2 : due to the scale factor and diverge at the 

AdS horizon. This is not a problem in the RSI model because the space is cut 
before the AdS horizon is reached. In the RS2 model a solution requires the 
simultaneous localization of bulk matter and gravity near the brane, an open 
problem for future research. 
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Abstract. The detection of neutrinos from SN 1987A opened for us a new era in neu- 
trino astrophysics in the last century. We present a historical view about registration 
of the neutrino signal from supernova SN 1987A in the Large Magellanic Cloud by 
the BAKSAN liquid scintillator detector and by the two water Cherenkov detectors - 
Kamiokande-H and IMB. All three detectors together observed a total neutrino signal 
of 24 events at 7:35 UT February 23, 1987. I will talk here mostly about the BAK- 
SAN supernova group analysis of the neutrino signal, which was done already in the 
years 1987-1988. The results of this analysis (determination of average properties of 
the neutrino signal: the total energy of neutrino emission, the effective neutrino tempe- 
rature, the total luminosity of the neutrino signal, duration of the neutrino burst) are 
presented. The common analysis of all three detectors shows, that these ’parameters’ 
have good agreement with the general theoretical description of explosions of super- 
novae. The analysis shows that including the Baksan data is very important for the 
understanding of the SN87A event. The latest results of 20 years of observation of our 
Galaxy by the BAKSAN scintillation telescope show, that the upper limit of the mean 
frequency of gravitational collapses is <0.13yr~^ at a 90% confidence level. 



1 Introduction 

More than 15 years past after explosure of supernova SN 1987A in the Large Ma- 
gellanic Cloud (LMC) (see Figs. 1,2), and more than 60 years ago the neutrino, 
as particle, was introduced in our life. Now we well know, that neutrinos play a 
very important role in supernova explosions, in OufdlS decay and other physical 
processes. 

How neutrino astronomy was prepared for such a millenium event? 

From the theoretical side, one of the pioneer works was done by some Russian 
colleagues [25, 26, 27]. From the article [27] we have learnt, that the duration of 
the neutrino signal should be around 20 sec and have learnt about the form of 
the spectra of which has to be expected after explosion of a supernova 

II. Another fundamental, heavy theoretical work with a calculation of neutrino 
transport in different star models was performed in the eighties and nineties, 
(see [29]), and later the leadership was taken by a group from Miinchen [30]. In 
the beginning of the eighties the ’r-processes’ in stars were better understood 



686 



I.V. Krivosheina 



Table 1. Important technical parameters of all neutrino telescopes (BAKSAN, KII, 
IMB, LSD), running in the time of explosure of the SN87A. 



Detector 


Fiducial 
mass (t) 
of target 


Energy 

Threshold 

(MeV) 


Background 

rate 

(sec"^) 


Number 

of 

events 


Duration 
of signal 
(sec.) 


Time of the 
positive 
signal (UT) 








(in time of explosion of SN 1987A) 


BAKSAN 


200 

C 9 H 20 


10 


0.034 


5 


9.1 


7:35 


KII 


2140 

H 2 O 


8.5 


0.022 


11 


12.5 


7:35 


IMB 


5000 

H 2 O 


35 


0.077 


8 


6.0 


7:35 


LSD 


90 

C 1 OH 22 


5.5 


0.012 


5 


7.0 


2:52 



on the basis of theoretical work for matrix elements of beta decay of nuclei far 
from stability [12, 13, 14, 15]. One can conclude, that the theory was more or 
less ready. 

What about experiments? At that time (time of explosion of SN 1987A) the 
neutrino community operated with five detectors. Let us call them “second ge- 
neration of collapse- neutrino detectors” . The detectors were located in different 
countries (different continents and all of them in the northern hemispere of our 
Earth). They were operated with different targets and used different fiducial 
masses (see Table 1): 

1. BAKSAN Neutrino Scintillation Telescope (BAKSAN) [1, 2, 3, 4] (Baksan 
valley, Andyrchi Mountain (near Mount Elbrus), Northern Caucasus, Rus- 
sia), target - 330 tons of liquid scintillator (Fig. 3). 

2. Kamiokande II (KII) [22] (Kamioka valley. Central Japan, 300 km west of 
Tokyo), a water Cherenkov detector using 3000 m^ of clean water (Fig. 4). 

3. Irvine-Michigan-Brookhaven (IMB) [23] (Morton-Thiokal mine, near Cleve- 
land, USA), a water Cherenkov detector using 7000 tons (full volume 17x18 
x22.5m^) of water, 

4. LSD (Large Scintillation Detector) [24] (Mont Blanc, Italy-France), scintil- 
lator detector with active mass of 90 tons. 

5. Artemovsk scintillator detector (the total mass was 105 tons), in Artemovsk 
mine (Ukraine) (did not operate at time of explosion of SN 1987A). 

So-called “first generation of neutrino detectors” were constructed in the 
USA in 1973, but unfortunately all three Cherenkov detectors ran only some 
years. No burst candidates (with one not confirmed exclusion) were found. But 
anyway it was a first experience to use such type of detectors in the future. 
One could see, that experimentalists had a good chance to be able to detect an 



SN 1987 A - Historical View About Registration of the Neutrino Signal 687 




Fig. 1. Large Magellanic Cloud before explosure of Supernova 87A. 




Fig. 2. Large Magellanic Cloud and Supernova 1987A (the precessor was a blue su- 
pergiant with the name Sk(Saduleak)-692002), and a mass of about 20 solar masses. 
On February 23, 1987, the supernova was detected, about 160 000 light years from the 
Earth. 
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Fig. 3. View of The BAKSAN Underground Scintillation Neutrino Telescope (upper 
horizontal plane), location - valley Andyrchi, Caucasus, Russia. 




Fig. 4. SuperKamiokande underground neutrino telescope, location - Kamioka mine, 
Japan. The underground laboratory is situated at a depth of 1000 m directly below the 
top of a mountain. This mine has been actively producing zinc and lead. 



neutrino-antineutrino signal from explosion of a supernova II in our Galaxy, or 
near to it. 

It should also be noted that in the last 10 years, after the SN 1987A, colla- 
borations like Kamiokande, SNO, MACRO constructed a new scale (Megatons 
of target) of experiments, with the plan to also look for the neutrino signal from 
a supernova in our Galaxy or outside of the Galaxy. Not all of them survived 
until today, like MACRO - it was a nice ’tracking’ detector (Italy, Gran Sasso), 
or (partly) SuperKamiokande (Japan), which reduced the sensitivity (the num- 
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ber of the photomultiplier tubes), after a heavy accident in the laboratory. At 
present the neutrino community has only four running experiments: 1 - SNO 
experiment (Canada), 2 - SuperKamiokande (Japan), 3 - the LVD detector in 
Italy with smaller size than originally proposed by the collaboration, and 4 - the 
BAKSAN scintillation telescope (Russia). 

What kind of criteria should he fulfilled by an experiment searching for su- 
pernova explosion? 

1. A “Supernova” detector should be able to detect the i/, z/, as well as all types 

of neutrinos z/g ? • 

2. The time distribution of the events (neutrinos- antineutrinos) and perfect 
absolute time. 

3. The energy of each event. 

4. All detectors must have a ’low’ energy threshold (not bigger than lOMeV). 

5. The detector must be located in a deep underground laboratory, to reduce 
the background from the muons. 

6. The detector must have a big fiducial mass, to be able to see a neutrino signal 
from our Galaxy or from the Universe with sufficiently good statistics. 

7. The detector must run permanently and stable before and after a SN signal. 



2 Detectors 

2.1 BAKSAN Neutrino Scintillation Telescope 

The BAKSAN neutrino scintillation telescope was proposed in 1964-1965, and 
as site was chosen the Andyrchi valley, Caucasus, Russia near the highest mo- 
untain of Europe - peak Elbrus, in a depth of 850m.w.e. From the year 1979 the 
BAKSAN Neutrino Telescope is running with various programs: search for the 
magnetic monopole, for the fluxes of muons, for high energy neutrino flux from 
extragalactic sources, and also our program was included in the scientific plans 
(in autumn 1979) under the title: “Search for medium energies of the neutrinos 
after explosion of supernova in our Galaxy” . 

The BAKSAN neutrino scintillation telescope is based on an organic (oil- 
based) liquid scintillator Cni^^ 2 n+ 2 , which consists of hydrogen (H) and carbon 
(C). The high concentration of hydrogen (n~9) allowed us to be mostly efficient 
to detect the electron antineutrino, via the charged current reaction on protons 

z>e+p — )-n-he+. (1) 

The cross section is a ~ E^. The positron gives additional visible energy in 
the scintillator (~lMeV) because of the detection of 2 gammas from e“*"e~ an- 
nihilation. The neutron which is produced in reaction (1) could also be detected 
by radiative captures: 



n+p 



D 



^ + 7 , 



- 2.2 MeU, 



( 2 ) 
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* Fiducial mass ” 130 tons - 
interior 3 plains of telescopes 



Fig. 5. A schematical view of the BAKSAN underground scintillation Neutrino Tele- 
scope, location - Baksan valley, Caucasus, Russia. 3150 detectors have been installed, 
the telescope has an extra external ’Low Background’ shielding using ’special’ low 
background concrete, as outer (in the rock) and inner shield. 



the average time of the interaction being Tc= 170 /ns. Electron-neutrinos with 
30MeV can be detected through their capture by carbon 

C N + e~ . (3) 

2.1.1. Some Technical Features 

Fig. 5 shows a schematical view of the BAKSAN underground scintillation Neu- 
trino Telescope. The total mass of liquid scintillator is 330 tonnes, which is con- 
structed in 3150 standard counters (detectors) (see Figs. 5,6). The 3150 counters 
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are constructed in eight planes - four horizontal and four vertical. The telescope 
has three internal planes, with the size (14x14) m^, and each consists of 400 
standard modules (see Fig. 6). The upper plane (see also Fig. 3) has a size of 
(17 xl7)m^, and consists of 576 modules. The four vertical planes consist of 
330 X 2 counters (two planes) and another two planes - 360x2 counters. 

In Fig. 6 is shown a standard detector from the BAKSAN Neutrino Telescope 
which has a size of (70 x 70 x 30) cm^, and is filled with the liquid scintillator 
CnH 2 n +2 (n ~ 9). The detector is viewed by one standard photomultiplier (F- 
49B), which has a photocathode with diameter of 15 cm. 



X 15 cm 




Standard-type 
Detector Unit 

70x70x30 cm^ 



Pig. 6. A schematic view of standard detector units used in the BAKSAN Neutrino 
Telescope. The size of an individual detector is (70 x 70 x 30) cm^. The diameter of the 
photomultiplier (on the upper part of each detector) is 15 cm. The threshold of each 
detector was 10 MeV in the time of the SN87A explosure. 



The energy thresholds of the individual detectors in the time of explosion of 
supernova SN87A were 8 MeV and 10 MeV for the horizontal and for the vertical 
planes, respectively. 

The energy calibration was performed using the amplitude of the most proba- 
ble energy (50 MeV) release when cosmic-ray muons pass through the telescope. 

The detector efficiencies were ~8% for 8 MeV electrons, and ~ 50% for 
10 MeV electrons and 80% for electron energies >12 MeV. 

The counting rate of the background of the telescope was ~0.034sec“^, for 
a fiducial mass of 200 tons and for events with energies < 50 MeV. 

Background: The main source of the background are cosmic ray muons cros- 
sing the telescope (see Fig. 7), and discharges in the photomultiplier tubes. 
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Fig. 7. A schematic view of Supernova signals (’s’ - single tracks) and background (’x’ 
- normal tracks - muons, which pass a telescope) for the BAKSAN Neutrino Telescope. 



It should be noted, that cosmic ray muons crossing the telescope produce 
usually tracks passing several planes. In case of the ’collapse’ program we used 
a ’special’ events selection, which we called “single detector mode”. In the Fig. 
7 they are indicated by “s” . Under the “single detector mode” we mean, that all 
events, which could be reconstructed into tracks were taken out from the analysis. 
Only events, which are correlated only with a single detector (all other 3149 
standard counters of the telescope ’slept’ in that time, used as a anticoincidence 
shield), are accepted for the analysis. The reason is that the neutrino energies 
are rather low and tracks of produced positrons will fully be inside the volume 
of one individual detector. The dead time was '^dms, and the usual accuracy of 
our clock was dz Isec. The information from all detectors (the amplitude, the 
coordinates and the absolute time of the event) were collected in the memory of 
the on-line computer, and each 900 sec automatically written on magnetic tape. 

Another possibility to reduce the background was, to reduce the ’fiducial 
volume’ of the telescope. From the work to understanding the background of the 
BAKSAN neutrino scintillation telescope, which was performed earlier in the 
eighties, was determined, that in the final analysis should be taken data only from 
the three internal horizontal planes (see Figs. 5,7). The internal horizontal planes 
are mostly shielded from the muons. Than the fiducial mass is 130 tonnes, and 
background was excellent ~0.013sec“^! 

In addition it was found that the lowest parts of the vertical planes of the 
telescope also have a relatively small background (see [32]). This allowed us to 
increase the fiducial mass up to 200 tonnes. 

The traditional routine work with the individual detectors (regular ’war’ 
with discharges in the photomultiplier tubes) allowed as to reduce the back- 
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Fig. 8. The counting rate of single events of the 1200 detectors in the three internal 
planes of the telescope (the target mass is 130 1) during the period 1980 - 2000. The 
improvement of the threshold with time is shown. The arrow indicates the time of 
explosion of SN 1987A on February 23, 1987 (from [31]). 



ground of the individual detectors and the total background for the collapse 
(“single detector mode”) program from 0.043 count (in beginning of eigh- 
ties) to 0.0127 counts s“^ (in time of the SN 1987A) (see Fig. 8). 



2.1.2. Rules of Selection of the Data 



By using a “single detector mode”, events were selected into ’groups’ of events 
over a time interval of 20 seconds [27]. If the number of events in such time 
cluster was equal or more than four, the computer informed about a ’candidate’ 
for collapse detection. 

The rate expectations for the rate of a such ’group’ with different numbers 
of background events could be found by using a sliding time interval method: 

Nexp = no ■ exp“”^'^ -(m • • [{k - 1)!]“^ (4) 

where no = m-T is the total number of background events during the observation 
time T; m is the average background count rate per second; r is the duration of 
sliding time window; k is the number of events spreaded over r. 
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3 Water Cherenkov Detectors 

First generation of water Cherenkov detectors. Another important type of un- 
derground detectors are water Cherenkov detectors (target - H 2 O). Already from 
beginning of the seventies in the 20th century, they were used for possible regi- 
stration of the neutrino-antineutrino signal from supernovae, in the Homestake 
mine (South Dakota) at a depth of 4400m.w.e., in Barbetone (Ohio) at a depth 
of ISOOm.w.e. and in Mont-Blanc (Italy) at a depth of 4270m.w.e. Unfortuna- 
tely all these small detectors (with a total mass of not more than 15 tons) ran 
only short time. But any way, by the first one was detected one cluster, during 
Sms, consisting of 24 events in the energy range of < 100 MeV. But at that time 
(1974) only one detector was operating for search of a supernova neutrino signal, 
and this very narrow ’pocket’ impulse was unfortunately not confirmed. 

Second, present, generation of water Cherenkov detectors. The second ge- 
neration includes such big projects as IBM (Morton-Thiokol mine, Ohio) and 
Kamiokande (Kamiokande II) (Japan). Later since April 1st, 1996 started to 
operate Super Kamiokande (Japan), 50 000 tons imaging water Cherenkov detec- 
tor and the SNO observatory (Creighton mine near Sudbury, Ontario, Canada), 
a 1000 ton heavy- water detector, 2 km underground, operating since November 
1999. 

Both detectors (IMB and Kamiokande II) were designed to search for proton 
decay at the depth of 1570m.w.e. and 2400m.w.e. [36], respectively. Both detec- 
tors in 1987 just were on the way to be able to search for a neutrino flux from 
a supernova. We remind, that the BAKSAN neutrino scintillation telescope has 
been observing the Galaxy permanently since June 30, 1980. 

Some important technical parameters (fiducial mass of the target, energy 
threshold, background counting rate) of Kamiokande II and IMB detectors are 
summarised in the Table 1. 

Cherenkov detectors are very efficient to detect the electron antineutrino 
(see equation (1)) by reaction with the free protons in the water. The energy 
threshold is typically 5-10 MeV, but at the time of SN 1987A, Kamiokande II had 
a threshold of ~8MeV and IMB of ^^35 MeV. The efficiency at threshold typically 
is ~ 50% (for more details about the light-water Cherenkov detectors we refer 
to [22, 23, 37]). 

Let us discuss now the neutrino signal which was observed by the three 
underground detectors BAKSAN (Russia), Kamiokande II (Japan) and IMB 
(USA) on 24 February 1987. 

4 Supernova SN1987A 

Both - scintillation and Cherenkov detectors were and are the flagships of this 
research, other approaches for supernova neutrino detection are in the stadium of 
development. A visible explosion of the supernova in our Galaxy was observed 
400 years ago, but at that time scientists had only optical telescopes, but no 
neutrino detectors 
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On the basis of the optical observation of SN 1987A (name of the exploded 
star was Sanduleak -69^ 2002) in the nearby Large Magellanic Cloud (LMC) on 
24 February 1987, was performed the search in the data of all (at that time - 
four) running neutrino underground detectors. 

But only three of them - BAKSAN neutrino scintillation telescope, Kamio- 
kande II, and IMB were able to detect a signal on 23 February 1987 at 07:35 
UT. The LSD detector under the Mont Blanc at that time was not able to see 
a neutrino signal. 

4.1 Some Important Parameters of the Neutrino Signal 

The total neutrino signal from all three underground detectors consists of 
24 events (see Table 2 and Fig. 9): 5 events were registrated by the BAKSAN 
neutrino scintillation telescope, 11 events came from Kamiokande II and 8 events 
were claimed by the IMB detector. 

The energy window of the detected signal: events seen by the BAKSAN neu- 
trino scintillation telescope collaboration are located in the energy interval (12. 

23.3) MeV, by Kamiokande II collaboration - (7.5 ^ 36.)MeV, and the IMB 
collaboration reported (20. 40.) MeV (see Tables 2 and 3). 

The time interval of each signal is, respectively, 9.1 sec from the BAKSAN 
neutrino scintillation telescope data, 13 sec from the Kamiokande II and 6 sec 
from the data set of the IMB detector (see Table 2). 

The time sequences of events detected by BAKSAN, Kamiokande II, IMB 
and by LSD at 7:35 UT on February 23, 1987 are shown in Fig. 9 and listed in 
Table 3. 

4.2 Problems 

Unfortunately the BAKSAN neutrino scintillation telescope, Kamiokande II, and 
the IMB had some problems during the time of the measurements, which finally 
disturb such a landmark event in astrophysics! 

The BAKSAN neutrino scintillation telescope hade some not pleasant situa- 
tion with the determination of the absolute time of the signal, but the situation 
was taken under control. When carefully looking into our data taken in the 
weeks before the SN87A event we found an absolute shift of 54 sec in one jump, 
since February 17, 1987 [3, 4]. We conservatively stated in spite of this, that the 
accuracy of our telescope clock was (-54 sec, -f-2 sec). All other important parame- 
ters of the BAKSAN neutrino scintillation telescope, like - stability of detectors 
(the discharges in the photomultiplier tubes) , on-line system for identification of 
the parameters of each signal - were not corrupted during the long term of the 
measurements! 

Kamiokande II had also a problem. The accuracy of the Japanese clock was 
±lmin [22, 36]. As reason that a better time calibration was not made after 
the SN event, an abrupt power outage in the Kamioka mine on 25 February 
1987 was reported. But in general the trigger rate of the Kamiokande II detector 
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Fig. 9. The time sequences of events detected by the BAKSAN telescope (the second 
axis), Kamiokande-II (the first axis), IMB (the third axis) and LSD (the last axis) 
detectors at 07:35 UT on February 24, 1987 [1, 3, 4, 22, 23, 24]. Vertical axis - the 
detection energy of each event (MeV). Horizontal axis - the absolute time (UT), from 
07:35:40 UT in steps of 2 sec, and in steps of 1 sec between 07:35:35 - 07:35:40 UT (only 
for Kamiokande II events). The uncertainties of the time determination in the different 
experiments is indicated by long right-left arrows (for KII and BAKSAN telescopes). 
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Table 2. Table of the neutrino events registered by the BAKSAN neutrino scintillation 
telescope [1, 3], Kamiokande II [22], IMB [23], and LSD [24] in the time of explosure 
of the SN87A. 



Detector 


Time (UT) 


Electron 




on February 23 1987 


energy (MeV) 


KII [22] 


7:35:35.00itlmin 


20.0 ± 2.9 




7:35:35.11 ± 1 min 


13.5 zb 3.2 




7:35:35.30 ± Imin 


7.5 zb 2.0 




7:35:35.32 ± 1 min 


9.2 zb 2.7 




7:35:35.51 dz Imin 


12.8 dz 2.9 




7:35:36.54 ± Imin 


35.4 zb 8.0 




7:35:36.73 zb Imin 


21.0 zb 4.2 




7:35:36.92 zb Imin 


19.8 zb 3.2 




7:35:44.22 zb 1 min 


8.6 zb 2.7 




7:35:44.43 zb 1 min 


13.0 zb 2.6 




7:35:47.44 zb Imin 


8.9 zb 1.9 


IMB [23] 


7:35:41. 37zb50 ms 


38 zb 9.5 




7:35:41.79 ± 50 ms 


37 zb 9.3 




7:35:42.02 zb 50 ms 


40 zb 10 




7:35:42.52 dz 50 ms 


35 zb 8.8 




7:35:42.92 zb 50 ms 


29 zb 7.3 




7:35:44.06 di 50 ms 


37 zb 9.3 




7:35:46.38 zb 50 ms 


20 zb 5.0 




7:35:46.96 zb 50 ms 


24 zb 6.0 


BAKSAN [1, 3] 


7:36:11.818 (l54)sec 


12. zb 2.4 




7:36:12.253 (^54)sec 


18. dz 3.6 




7:36:13.528 sec 


23.3. dz 4.7 




7:36:19.505 (l54)sec 


17. zb 3.4 




7:36:20.917 (± 1 ^) sec 


20.1 zb 4.0 


LSD [24] 


2:52:36.79 zb 2 ms 


7 zb 1.4 




2:52:40.65 zb 2 ms 


8 zb 1.6 




2:52:41.01 zb 2 ms 


11 zb 2.2 




2:52:42.70 zb 2 ms 


7 dz 1.4 




2:52:43.80 zb 2 ms 


9 dz 1.8 
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Fig. 10. The background development of the Kamiokande II detector [37, 38]. It was 
improved only after the SN87A signal, by installing isolation structures from the mine 
air both in the 3000 ton tank and in the Water-purification system [37], and kept under 
control since end of May 1987. 
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at that time was not so stable, only at the end of May the counting rate of 
the instrument was taken under control (by improvement of the isolation from 
the mine air both in the 3000 ton tank and in the Water-purification system 
[37]), (see Fig. 10 from [37]), and later in [38], and also as fig. 3.20 of the Nobel 
Laureate Talk by M. Koshiba with the caption ^‘The detector performance at 
the beginning of 1987” [38]. 

The Fig. 10 can be compared to Fig. 8, which shows the background deve- 
lopment of the BAKSAN neutrino scintillation telescope. Both figures cannot be 
compared to the situation at IMB, since their background situation before and 
after SN87A has never been published. Also we know of no detailed paper from 
IMB. 




C 



Q 




Fig. 11. Comparison of trigger efficiencies of all SN87A detectors [8, 9, 21]. 



It is important to remember that the IMB collaboration at that time had 
an excellent clock with the accuracy of ± 50 ms in universal time (UT) [23]! 
But unfortunately one quarter of the PMT’s were off [23], and the presented 
background was relatively larger than for the Kamiokande II and BAKSAN 
neutrino scintillation telescopes (see Table 1). The trigger efficiency to detect 
the events with energy 20MeV was very small, only 0.14, instead of 80% for the 
BAKSAN neutrino scintillation telescope (see Fig. 11) . 



700 



I.V. Krivosheina 



Fig. 11 shows a comparison of the trigger efficiencies of the three detectors 
[8, 9, 21]. It is visible from the figure, that the BAKSAN neutrino scintillation 
telescope and the Kamiokande II detector had a similar efficiency to detect the 
neutrino flux with energy more than ~ 8MeV. The IMB detector mostly was 
sensitive for ’high’ energy events with energies more than 30 MeV. 

All three groups (and we will discuss only detectors which detected a neutrino 
signal) reported results of an analysis of some time period before and after the 
signal. The BAKSAN group analysed data in the period: 1-23 February 1987 
[1, 3, 4], Kamiokande II the time interval from the 21 - 24 February 1987 [22], 
IMB performed an analysis of only ~ 6.4 h around 7:35 UT at UT 23 February 
[23]. 

All collaborations claimed in their publications [1, 3, 22, 23], that they could 
not explain the observed significance at that period in such a narrow time window 
of 9 to 13 sec, by background. 

All other observed ’clusters’ of events in 10 sec intervals can be explained 
naturally as fluctuations of the background. They follow nicely a Poisson distri- 
bution (see Fig. 12). In contrast the bursts with 5 (for BAKSAN) and 9 events 
(for KII and IMB) should occur only with probabilities of 2x10“^ (BAKSAN), 
2xl0~^^ (Kamiokande II), and 3xl0~® (IMB). We thus can conclude from these 
numbers that these 24 events are not accidentall 

4.3 Unexpected Calibration of the BAKSAN Clock 

On the basis of our work which was done in the one-two years after explosion of 
the supernova, we are happy to say, that we performed an independent calibration 
of our clock. The calibration was done during the work to search correlations bet- 
ween the LSD detector data, the BAKSAN neutrino scintillation telescope data 
and the data from the Rome and the Maryland gravitational wave antennas du- 
ring the time period of February 23, 1987. As results of that search we observed 
an unexpected phenomenon - a temporal correlation between events recorded 
by all underground detectors (the data were kindly given to us by all collabo- 
rations) and two gravitational wave antennas [11] during a one-hour-period of 
01:45 - 2:45 UT on February 23, 1987. The data recorded by the LSD detector 
and by the BAKSAN neutrino scintillation telescope show a correlation between 
low-energy events, the main source of which is natural radioactivity, and cosmic 
ray high energy muons, respectively. 

This effect was observed after shifting the absolute time of the BAKSAN 
neutrino scintillation telescope clock by 30 sec. Now if we assume, that the ef- 
fect (correlations) observed at 01:45 - 2:45 UT provided us with an independent 
calibration of the BAKSAN neutrino scintillation telescope clock, with this cali- 
bration the beginning of the neutrino signal detected by the BAKSAN neutrino 
scintillation telescope at 07:35 UT will coincide with the beginning of the IMB 
neutrino signal [3, 9] (see Fig. 9!). 

For more details and very unexpected conclusions we refer to our published 
articles [10, 11]. 
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Number of events in the average time window 10 sec. 

Fig. 12. Poisson distribution for events within 10 sec intervals detected in the period 
surrounding the time of Supernovae 1987A. n is the average of the background counting 
rate per second. The analysis was performed from the data sample for Kamiokande 
II - 2.7 days, for IMB - during 6.8 hours, and for the BAKSAN neutrino scintillation 
telescope - 2.28 days. 



4.4 Time Profile of the Neutrino Signal 

The observation in the BAKSAN neutrino scintillation telescope, Kamiokande 
II and IMB detectors of the neutrino signal from the explosion of the SN 1987 A, 
allowed us (on the basis of very low statistics) to make a first step to understand 
the time profil of the neutrino signal. 

This was done by our BAKSAN “collapse” group and presented and publis- 
hed in 1988 in [3, 9]. Let us remind about this very interesting and original 
work. 

Obviously, because the absolute time for two of the three detectors was not 
very accurate^ we could not put directly together the signals from all three detec- 
tors, in the proper time sequence. But, registration of the neutrino signal from 
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the explosion of a supernova is such a fantastic! and so rare event (only one per 
400 years?), that it gave us a strong push to perform such an analysis with some 
assumptions. 

Let us first assume that the time profiles of the events recorded by the BAK- 
SAN neutrino scintillation telescope and by Kamiokande II (see Fig. 13 (upper 
part)), and by all three detectors (see Fig. 13 (lower part)) will be put together 
in the correct time sequence, when setting the time equal for the first event of 
each detector, at 07:35 UT on February 23, 1987. In the figure 13 (upper part) 
are presented the signals only from the BAKSAN neutrino scintillation teles- 
cope and Kamiokande II. The vertical axis corresponds to the energy of the 
individual events, and the horizontal axis is a relative time scale, from 0 bis 
15 sec. Point ’0’ is related to the first event of the BAKSAN neutrino scintilla- 
tion telescope and of the Kamiokande II detectors. Fig. 13 (lower part) shows in 
addition to the BAKSAN neutrino scintillation telescope and to the Kamiokande 
II signal, the neutrino signal claimed by the IMB collaboration, also attributing 
time ’0’ to the first event of IMB. 

From the Fig. 13 (upper part) one can see from the presented (11-1-5) events 
in both, BAKSAN neutrino scintillation telescope and Kamiokande II, a hunch 
structure in time. The first hunch - between 0 and 1 sec, which includes 2 events 
from the BAKSAN telescope data and 6 events from the data of Kamiokan- 
de II telescope. The second hunch - duration less than 1 second - consists from 
one event from the BAKSAN neutrino scintillation telescope data and 3 events 
from Kamiokande II. And the third hunch includes 3 events from the BAKSAN 
neutrino scintillation telescope and 4 events from Kamiokande II. One could see 
even, that the energies of the events for both telescopes are similar in the same 
hunches. 

Between each bunch we observed gaps. The first gap (between first and second 
bunch) has a duration of sec and the second gap of (6-7) seconds between the 
second and the third bunches. The probability to construct such gap structure 
from small statistics for both detectors is rather small (level of 10“^ - 10“^) or 
less. 

Let us, now, include in our ’analytical business’ the 8 events, which were 
reported by the IMB collaboration (see Fig. 13 (lower part)). 

It is obvious that the IMB signal has another time structure. The events are 
not coincident (by energies) with the common first and second bunches of the 
BAKSAN neutrino scintillation telescope and Kamiokande II! Why? Not correct 
energies, or because the IMB detector had a not good efficiency (only 14%) for 
small energies (~20MeV), but only for energies more than 30MeV (where the 
efficiency was ~50%) (see Fig. 11) and [23]. Then one could conclude, that the 
IMB detector sees another effect, which was ’provocated’ by SN 1987A, and the 
Kamiokande II detector sees only one of such ’high energy’ events (number 6, 
with the energy 35.4 MeV). 

Let us set now the time of the first event from the IMB signal equal with 
that of the first ’high energy’ event of the second bunch of the Kamiokande 
II signal. Then we could see, that the second gap after including the IMB events. 
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Fig. 13. Time profiles of the events recorded by the BAKSAN telescope (white circles), 
Kamikande-II (black circles), setting zero time to be the time of the first events for 
Baksan and KII detectors at 07:35 UT on 24.02.1987 (upper part), and assuming 
coincidence of the first IMB (crosses) signal with the first signal for Baksan and KII 
detectors (lower part) [1, 3]. 
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Fig. 14. Time profiles of the events recorded by the BAKSAN telescope (white circles), 
Kamiokande-II (black circles), and IMB detector (crosses), setting zero time for BAK- 
SAN neutrino scintillation telescope and Kamiokande II to be the time of the first 
events for Baksan and KII detectors at 07:35 UT on 24.02.1987, and assuming coin- 
cidence of the first IMB signal with the first ’high’ energy event of KII (upper part). 
Assuming coincidence of the first event from the second gap of the IMB signal, with 
the first high energy event of the KII (lower part). The total shift to the left side is ~ 
3 sec. 
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is somehow ’missing’. The third bunch got a more broad structure (in addition 
two more events) together with 5 events from the BAKSAN neutrino scintillation 
telescope and the Kamiokande II telescope (see Fig. 14 (upper part)). 

Or another variant of the setting of the time: let us set the first ’high energy’ 
event of the second bunch of the Kamiokande II signal equal to that of the first 
event from the second bunch of the IMB signal. Than we could say, that IMB sees 
the beginning of the ’high energy’ part of the common neutrino signal, and the 
second IMB bunch is perfectly correlated with the common second bunch of the 
BAKSAN neutrino scintillation telescope and the Kamiokande II experiments 
(see Fig. 14 (bottom part)). Then the total duration of the neutrino burst will 
be more than 15 sec! 

After all these discussions, we have to say, that the time profile of the neu- 
trino signal still today is an open question. We have to wait till a new explosion 
of a supernova. 

The most recent analysis of the temporal structure of the neutrino signal from 
the SN 1987A was done in 2001 [21], where the authors used a Bayesian analysis 
(which is very adequate to work with very low statistics - also in our recent work 
about the evidence of a signal from Oi/flS beta decay we used this method, see 
[19, 20, 17]). This analysis shows, ’a strong evidence for two components in the 
neutrino signal . . . . ’ on the basis of an analysis of the energies and arrival times 
of the neutrinos from supernova SN 1987 A detected by Kamiokande II, IMB and 
the BAKSAN neutrino scintillation telescopes. 

Personally for me it was very pleasant to see, that for the first time after 
17 years of explosion of the SN 1987A, was so directly and strongly expressed 
‘b.. that the BAKSAN neutrino scintillation telescope data are fully 
consistent with the Kamiokande II and IMB data ” [21]. 



5 Main Parameters of the Neutrino Signal 
from SN 1987A 

Let us on the basis of our understanding of the Supernova calculate the main 
parameters of the neutrino signal. 

We shall take into account, that the distance to the SN 1987A ~ is 50Kpc, 
and the neutrino spectrum has a Fermi-Dirac shape (5). 

/{1+eMEuJkT)), (5) 

where kT is the effective neutrino temperature (MeV), 

- neutrino energy (MeV), 

a - absorption coefficient of the thermal neutrino spectrum. 

Now, knowing the target (number of free protons in the target) we can per- 
form our estimations [3]. One example, for the absorption coefficient a = 0, is 
presented in table 3. 
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Table 3. The final values of the neutrino signal, deduced from the experimental data 
of the neutrino telescopes BAKSAN, KII, IMB (from [9]). 



Detector 


Average detected 
energy (MeV) 


Neutrino 

temperature (MeV) 


X 10®^ 
(ergs) 


BAKSAN 


19.4 ± 1.7 


3.3 ifc 0.4 


18.6 zb 8.5 


KII 


16.7 ± 1.1 


2.8 di 0.3 


5.8 zb 1.8 


IMB (5000) 


33.8 ± 2.9 


4.5 zb 0.7 


2.9 zb 1.1 



What we could learn from that analysis? 

First: the average detected neutrino energy for the BAKSAN neutrino scin- 
tillation telescope is (19.4 ± 1.7) MeV and for Kamiokande II (16.7 ± 1.1) MeV. 
Conclusion on that point: the energies for both detectors are consistent wit- 
hin 1.5(7. But a big difference exists between the IMB data and the other two 
detectors. 

Second: the neutrino temperature. From the BAKSAN neutrino scintillation 
telescope data the neutrino temperature is located in the interval of (2.9 
3.7) MeV, for the Kamiokande II data it is (2.5 3.1) MeV. Again, the neutrino 

temperatures overlap for both - the BAKSAN neutrino scintillation telescope and 
the Kamiokande II detector on the level of one sigma! For the IMB data the 
neutrino temperature was found to be (3.8 5.2) MeV, consistent within 2a 

with the BAKSAN neutrino scintillation telescope and the Kamiokande II data. 

Third: the total antineutrino energy. For the BAKSAN neutrino scintillation 
telescope data (unexpected!) this value is in ~ 3 times larger than from the 
Kamiokande II data and ~ 6 times larger than from IMB. 

Such a big difference for the total antineutrino energy between the BAKSAN 
neutrino scintillation telescope data and the KII and IMB detectors can be cor- 
rected only after full understanding of all parameters of the two latter neutrino 
detectors: the energy threshold and the fiducial mass of the detectors. 

Let us come back to our ’old’ idea about correction of the threshold in the 
IMB experiment. If we assume 20% of inaccuracy of the energy threshold po- 
sition for the IMB detector, than we could get a total antineutrino energy and 
neutrino temperature for the IMB detector which is very close to the BAKSAN 
neutrino scintillation telescope data (see the blue solid line from IMB to Baksan 
in Fig. 15). It is well known (see [21]), that the calibration spectra of the IMB 
detector for the time of explosion of the SN 1987A were never published. 

The fiducial mass of the Kamiokande II detector (in our opinion) also should 
be revised (on the basis of very low statistics). Instead of 2140 tons, the mass 
could be corrected (??) to the mass which the collaboration later used for the 
solar neutrino program [35] (the fiducial volume for the solar neutrinos was 
680 tons, i.e. for similar energies, of more than 10 MeV). If this correction is 
made, than this reduction of the fiducial volume exactly gives a difference by a 
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Neutrino Temperature kT (MeV) 

Fig. 15. Effective parameters calculated from the experimental data for the three 
detectors, which see the neutrino signal from the SN87A: BAKSAN Neutrino Telescope, 
Kamiokande II and IMB (see [9]). 



factor of 2.5 (!!!) for the total antineutrino energy, which we can calculate from 
the Kamiokande II data (see Fig. 15). 

Anyway, one can, even, on the level of the 2-3 sigma existing differences 
between the data from the BAKSAN neutrino scintillation telescope, the Ka- 
miokande II and IMB telescopes, conclude, that the observation of the neutrino 
flux from Supernova SN1987A is the first direct evidence of a neutrino hurst 
from a Supernova and opens for us the era of neutrino astronomy. The BAK- 
SAN /KII/IMB neutrino burst fits well the standard assumptions of star collapse, 
so that the collapse which created that burst on February 23rd 1987 near 07:35 
UT really happened! 
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Abstract. The experimental status of relic supernova neutrino detection is discussed, 
with particular emphasis on the Super-Kamiokande experiment. Presently under study, 
a novel proposed modification to existing and future water Cherenkov detectors is 
introduced. Enabling such detectors to identify neutrons will significantly enhance their 
capabilities for relic supernova neutrino detection as well as for a wide variety of other 
physics topics. If all R&D efforts go as expected, a modified Super-Kamiokande could 
observe the world’s first relic supernova neutrino signal within the next four years. 



1 Introduction 

Nearby supernovas are fairly rare events, occurring approximately once every 
few decades within our own galaxy. However, there are many galaxies, and so 
on average one supernova explodes somewhere in our universe every second. 

All of the neutrinos which have ever been emitted by every supernova since 
the onset of stellar formation suffuse the universe. As a result, we are conti- 
nuously bombarded with diffuse supernova neutrino background (DSNB) radia- 
tion. In fact, about 100,000 of these so-called “relic” supernova neutrinos pass 
through each one of us every second. 

These neutrinos, if observable, could provide a steady stream of information 
about not only stellar collapse and nucleosynthesis but also on the evolving size, 
speed, and nature of the universe itself. This goal, until recently a distant dream 
of both theorists and experimentalists, may now be achievable within the next 
few years. The brand-new work which could make this possible, along with its 
far-reaching implications for other types of neutrino physics, will be the focus of 
this paper. 



2 The Current Situation 

Super-Kamiokande (Super-K, SK) is the world’s largest underground water 
Cherenkov detector. With a total mass of bOkilotons and a fiducial mass of 
22.5 kilotons, it is located some 250 km west of Tokyo in an old zinc mine deep 
in the Japanese Alps. The detector is described in detail elsewhere [1]. 

The Super-Kamiokande Collaboration has recently conducted a search for 
supernova relic neutrinos [2]. However, this study was strongly background li- 
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mited, especially by the many low energy events below 18 MeV which swamped 
any possible DSNB signal in that most likely energy range. Consequently, this 
search could see no statistically significant excess of events and therefore was 
only able to set upper limits on the DSNB fiux. These limits, which at 18 MeV 
were about one event per 22.5 kton per year per MeV, are about a factor of three 
higher than modern theoretical predictions of the fiux [3]. Forty more years of 
this background limited SK data would therefore be required to resolve a positive 
DSNB signal. Not a very encouraging situation! 

But what if the DSNB events could be uniquely identified in SK, freeing the 
analysis from background complications? 



3 How Can One Identify the DSNB Events? 

In what began as a search for a new method of extracting the relic supernova 
neutrino signal without background issues, for well over a year now Fermilab’s 
John Beacom and I have been tossing around ideas regarding modifying the 
Super-K detector. We finally decided to tackle the DSNB problem once and 
for all, with the admittedly ambitious goal of extracting a clear, positive sig- 
nal within the next four years. It has proven to be a very fruitful partnership: 
everything which follows in this paper is the result of our ongoing, combined 
efforts. 



3.1 The Goal 

All of the events in the present DSNB analysis are singles in both time and 
space. This singles rate is actually quite low in Super-K, only three events per 
fiducial ton per year. Therefore, if it were possible to look for coincident signals, 
i.e., for a positron’s Cherenkov light followed shortly and in the same spot by 
the gamma cascade of a captured neutron, then these troublesome background 
singles could be eliminated. 

“Wouldn’t it be great if we could tag every supernova relic neutrino,” we 
thought. Well, the reaction we are looking for is: 



( 1 ) 

So the real question is, how can we reliably identify the neutron? 



3.2 The Challenge 

Of course, it is well known that free neutrons in water get captured by free pro- 
tons and emit 2.2 MeV gammas, far below Super— K’s normal trigger threshold. 
However, if we could manage to see these we’d be in business! Maybe we could 
just lower the Super-K threshold briefly after each regular trigger... 
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While this would be possible, and no SK change except a new trigger board 
would be required, efficiency will still be fairly low. As DSNB interactions within 
Super-K are rare, above lOMeV just a handful a year, what we really want is 
to get ^ of this signal. 

Hence, we need something in the water which will compete with the hydrogen 
in capturing neutrons. Such a competitive process is very similar mathematically 
to resistors in parallel, and can be exactly calculated. 



3.3 The 0.1% Solution 

We finally turned to the best neutron capture nucleus known: gadolinium. It has 
a nice 8.0 MeV gamma cascade, easily visible in Super-K. Unlike metallic Gd, 
the compound gadolinium (tri) chloride, GdCls, is highly water soluble. 

We found that in order to collect 50% of the neutrons on gadolinium and 
50% on hydrogen you’d need to put just 9 tons of GdCls in Super-K. That’s 
exactly two cubic meters. No problem! 

Even better, to collect >90% of the neutrons on gadolinium you’d only need 
to put 100 tons of GdCls in Super-K. That’s about twenty cubic meters, or a 
0.1% concentration of Gd in the tank, and with it we can tag all the relic events. 

Models vary, but with this solute in the water Super-K should see between 
two and six DSNB events each year with virtually no background at all. Now ima- 
gine a future, megaton-scale water Cherenkov detector like Hyper— Kamiokande 
(Hyper-K) observing lOOH- supernova relic neutrinos every year... 

But is the weird stuff in the water dangerous? The short answer is, not 
at all. Both human and animal toxicology studies have been done [4], and the 
bottom line is that you could drink at least 12 liters of this solution every day 
straight from the tank and suffer no detectable effects from the GdCls, even 
upon autopsy. 



3.4 The Price of Gd in China 

From a physics standpoint it certainly seems like GdCls is a nice compound to 
use for tagging neutrons, but can we afford 100 tons or more of it? As it turns 
out, there has been a dramatic revolution in the price of gadolinium over the 
past two decades. The opening of new mineral fields in the Gobi desert and the 
scaling up of rare earth refining and purification technologies have caused the 
price to plummet three orders of magnitude in recent years. 

If we had tried to use gadolinium in Super-Kamiokande from day one the 
raw materials alone would have added $400 million dollars (U.S.) to the cost of 
that $100 million project. Today, acquiring 100 tons of 99.99% pure GdCls will 
cost us just under $330,000. The formerly high price of gadolinium could very 
well explain why no one has ever even proposed using gadolinium in very large 
detectors before. 
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4 What Else Can We Do With Gd? 



If adding GdCls only allowed us to clearly see the as-yet- unobserved relic su- 
pernova neutrinos it would be a significant scientific breakthrough. In just a few 
years, the yield of supernova neutrinos from SN 1987A would be obtained and 
then surpassed. Furthermore, since the cost of GdCls is low this approach, un- 
like all previous neutron detection technologies, is readily scalable at reasonable 
expense to even the largest proposed future projects. The addition of gadolinium 
should add less than 1% to the total capital cost of any such experiment. 

As it turns out, mixing GdCls into Super-K’s water will open up a wide 
variety of new physics opportunities in addition to making possible the world’s 
first observation of the DSNB. 



4.1 Solar i/g 

Once we can identify Ve interactions from their follow-on neutrons, we can dra- 
matically improve our search for solar I^g’s. John and I estimate a two-orders-of- 
magnitude improvement in sensitivity over the present Super-K result [5], so if 
there is as little as one solar out of 10,000 solar z/g’s we will know it. 



4.2 Galactic Supernovas 

Naturally, if we can do relics, we can do a great job with galactic supernovas, 
too. With 0.1% gadolinium in the Super-K tank, 

• the copious inverse betas get individually tagged, allowing us to study their 
spectrum and subtract them away from 

• the directional elastic scatters, which will double our pointing accuracy. 

• The NC events no longer sit on a large background and are hence indi- 
vidually identified, and 

• the 0 (z/e 5 ^~)F events’ backwards scatter can be clearly seen, providing a 
measure of burst temperature and oscillation angle. 



4.3 Reactor Antineutrinos 

If we were to introduce a 0.1% solution of gadolinium into Super-Kamiokande, 
we could collect enough reactor antineutrino data to reproduce KamLAND’s 
first published results [6] in just three days of operation. Their entire planned 
six-year data-taking run could be reproduced by Super-K with GdCls in seven 
weeks, while Hyper-K with GdCls could collect six KamLAND-years of Ve data 
in just one day. 

Super-K would collect enough reactor z7g’s every week to enable it to monitor, 
in near real time, the total reactor fiux. This means that, unlike KamLAND, 
it would not be dependent on the power companies which operate the reactors 
accurately reporting their day-to-day power output. 
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Although Super-K with GdCls will not be able to extract spectral informa- 
tion over the entire energy range to which scintillator detectors are sensitive, it 
will have the unique ability to provide some Ve directional information via the 
emitted positrons’ Cherenkov light [7]. This should, especially given the extre- 
mely high statistics involved, allow significantly tighter constraints to be placed 
on the solar neutrino oscillation parameters than any other method which could 
conceivably become operational before the close of the present decade, and possi- 
bly far beyond. We would have these data in hand within months of the decision 
to introduce GdCls into Super-Kamiokande. 

Note that these plentiful reactor events would not be confused with the 
comparatively rare relic supernova I/g’s or solar because of the widely diffe- 
ring antineutrino energy ranges and spectra of the three processes. 



5 Gadzooks! 

Since John and I were focusing on the low energy side of things, we haven’t 
even gotten into how this solute should also allow our high energy friends to 
differentiate between atmospheric (or long baseline) neutrinos and antineutrinos 
of all species, reduce backgrounds to proton decay searches, and so on. 

We propose calling this new project “GADZOOKS!” In addition to being an 
expression of surprise, here’s what it stands for: 

Gadolinium Antineutrino Detector Zealously Outperforming Old Kamiokande, 
Super! 



6 A Modest Proposal 

Pouring a bunch of stuff into Super-K is a big step, and not to be done lightly, 
no matter how promising things may look initially. 

To help explore the necessary hardware issues, I was awarded a 2003 Advan- 
ced Detector Research Program grant from the U.S. Department of Energy. This 
funding will enable a number of key R&D issues to be explored and addressed. 
Here’s what comes next: 

• Spend the next year or so exploring the chemistry, stability, and optical 
properties of GdCls in detail. 

• Understand any changes needed in the SK water system and Monte Carlo 
the modified detector’s response using what’s learned above as input. 

• Build a small test tank (one supermodule) with exactly the same materials 
as in SK. Put in PMT’s, cables, water, and GdCls and let it sit for two years. 
Check for GdCls-induced damage. 

• If everything looks good, in mid-2005 during the last month(s) of SK-II put 
in 9 tons of GdCls to make sure we really understand our backgrounds. Look 
for reactor antineutrinos! 
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• Then, if every test still looks good, in 2006 we hope to mix 100 tons of GdCls 
into SK-III and prepare for the bright new days of supernova and reactor 
neutrino data ahead! 

• Finally, after years of experience running Super-K with GdCls we will be 
able to design and build the megaton-scale Hyper~K to utilize GdCls from 
day one. This next-generation detector could be ready for operation and 
producing physics by the mid-2010’s. 
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Abstract. We investigate the flux and the event rate of supernova relic neutrinos 
(SRN) at the Super-Kamiokande (SK) detector for various neutrino oscillation models 
with parameters inferred from recent experimental results. We discuss the detectability 
of SRN at SK, comparing this SRN flux with other background neutrinos in more detail 
than previous studies, and it is found that in the energy range 17-25 MeV, ten-year 
observation might enable us to detect SRN signal (at one sigma level). We also set 
90% C.L. upper limit on the SRN flux for various oscillation models using the recently 
released observational result by SK. In addition, we propose that the SRN observation 
can be used to set strong constraints on the neutrino decay models. Because of the 
long distance scale from cosmological supernovae to the Earth, SRN have possibility 
to provide much stronger limit than the present one obtained from solar neutrino 
observation. In the near future, further reduced upper limit is actually expected, when 
the current SK data are reanalyzed using some technique to reduce background events 
against the SRN signals. It is expected that the reduced upper limit is sufficient to 
provide useful implications for neutrino oscillation and decaying neutrinos. 



1 Introduction 

It is generally believed that the core-collapse supernova explosions have traced 
the star formation history in the universe and have emitted a great number of 
neutrinos, which should make a diffuse background. This supernova relic neutrino 
(SRN) background is one of the targets of the currently working large neutrino 
detectors, such as Super-Kamiokande (SK) and Sudbury Neutrino Observatory 
(SNO). Comparing the predicted SRN spectrum with the observations by these 
detectors provides us potentially valuable information on the nature of neutrinos 
as well as the star formation history in the universe. This SRN background has 
been discussed in a number of previous papers [1]. 

In this paper, we calculate the SRN flux and the event rate at SK, and discuss 
the detectability of SRN [2], with the following new aspects compared with 
previous studies: (1) Realistic neutrino oscillation parameters are incorporated 
based on the recent solar and atmospheric neutrino experiments, (2) a realistic 
neutrino spectrum from one supernova explosion is used, which is obtained from 
a numerical simulation by the Lawrence Livermore group [3], and (3) we have 
examined other contaminating background events against the detection of SRN, 
in more detail than previous studies. 
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Recent experimental data of atmospheric [4], solar [5], and reactor neutri- 
nos [ 6 ] strongly indicate the evidence of neutrino oscillation. Although several 
previous SRN studies mentioned the possibility of neutrino oscillation, no quan- 
titative calculation of SRN has been made incorporating the realistic oscillation 
parameters. In supernovae, produced ^^re converted into Ve which are mainly 

detected at the SK detector. Because interact with matter only through the 

neutral-current reactions in supernovae, they are weakly coupled with matter 
compared to Ue- Thus, the neutrino sphere of 9^^^- is located at deeper in the 
core than 9^ and their temperatures are higher than those of 9^. Therefore neu- 
trino oscillation enhances the average 9^ energy and enhances event rate at the 
SK detector. 

Recently, the SK Collaboration set an upper bound of 1.2 z/g cm“^ s"^ for the 
SRN flux in the energy region > 19.3 MeV [7]. It is the same order as our 
typical theoretical prediction [2]. For example, as illustrated more in detail below, 
we predict that the total SRN flux integrated over entire energy is llcm“^s~^ 
[ 2 ], while the corresponding SK limit is 31cm~^s“^ [7]. Since the theoretical 
calculations contain many ambiguities such as the supernova rate in the universe 
and neutrino spectrum from each supernova, this severe observational SRN limit 
can provide a number of valuable information on various flelds in astrophysics 
and cosmology. For the very reason, we repeat the discussions given in the recent 
SK paper [7] and obtain the 90%C.L. upper limit for the SRN flux estimated 
using various oscillation models [ 8 ] as well as the neutrino decay model [ 9 ]. 



2 Models and Formulation 

We use a realistic neutrino spectrum from a collapse-driven supernova calcu- 
lated by the Lawrence Livermore group [3], instead of the Fermi-Dirac (FD) 
spectrum with zero chemical potential used in all of the past studies [ 1 ]. This 
is because neutrinos are not in the thermal equilibrium states in supernovae 
(due to opacity dependence on energy), and neutrino transfer equation should 
be solved. Actually, clear difference from the FD distribution is seen in Fig. 2 
of [3]. Recently, their calculation is criticized since it lacks the relevant neutrino 
processes such as neutrino bremsstrahlung and neutrino-nucleon scattering with 
nucleon recoils, which were not recognized to be important of the calculation 
date. However, since there are no other groups which have succeeded supernova 
explosion except for them, it is premature to conclude that their result is no 
longer reliable, and we adopt their results. 

We also include the effects of neutrino oscillation on the SRN flux. The 
parameters adopted in this study are inferred from the latest atmospheric [ 4 ], 
solar [5], and reactor neutrino experiments [ 6 ]. In particular, from solar neutrino 
observations, we adopt the most favorable solution, so called the Large Mixing 
Angle (LMA) solution. We first assume the normal mass hierarchy (m 3 mi) 
of the neutrino mass, although the inverted hierarchy has not been ruled out yet 
(the case of the inverted mass hierarchy is addressed later). In this case, since 
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the results are insensitive to ^ 13 , which has not been sufficiently constrained, 
we do not concentrate on dependence on that parameter. In addition, we also 
investigate in case of no oscillation, for comparison. 

With these models, the SRN flux can be calculated by the formula 



dF, 

dE, 



■f 



dN,{E',) dt 



( 1 ) 



where = {1 z)Ei^, Fsn(^) is a supernova rate per comoving volume at 
redshift z, dN^y/dE^, is the number spectrum of emitted neutrinos, and Zmax is 
the redshift when the gravitational collapses began, which we assumed to be 5. 
As the supernova rate, we use the most reasonable model to date, which is based 
on the rest-frame UV observation of star formation history in the universe by 
the Hubble Space Telescope [10]. In this model, the supernova rate exponentially 
increases with z, peaks around z ~ 1.5, and exponentially decreases in further 
high-z region. 




Fig. 1. Number flux of SRN compared to other background neutrinos. No oscillation 
model is assumed for SRN flux. 
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3 Detectability of the Supernova Relic Neutrinos 

In Fig. 1, we show the calculated SRN flux for no oscillation model, and in Fig. 2 
the expected event rate at SK detector for both no oscillation and LMA models. 
Above ~ lOMeV, we expect more event rate for the LMA model, because 
which have higher average energy at production have more changed into We 
show in Table 1, the integrated flux over the entire neutrino energy range and 
event rate at SK integrated for detection energy range 17 < (Tg/MeV) < 25 (the 
reason why this range is selected for detection is given below). 




Fig. 2. Event rate at SK detector of SRN and invisible [i decay products. Two oscil- 
lation models are shown (no oscillation and LMA). 



There are several background events which hinder the detection of SRN. 
These include atmospheric and solar neutrinos, antineutrinos from nuclear reac- 
tors, spallation products, and decay electrons from invisible muons. We should 
find the energy region which is not contaminated by these background events 
and then calculate the detectable event rate of SRN. By careful examination of 
these events, we found that there is a narrow energy window from 19MeV to 
27 MeV, which is free from solar, atmospheric, and reactor neutrinos (see Fig. 1). 
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Table 1. Number flux of SRN and expected event rate at SK. Flux is integrated over 
the entire energy range and event rate is over the detection range 

Model Flux Event rate for 17 < (Te/MeV) < 25 

No oscillation 11.9cm“^s“^ 0.44 yr“^ 

LMA 11.2cm"^s“^ 0.73 yr"^ 



(Although the solar neutrino events can be avoided owing to the directional ana- 
lysis, there are also another serious background due to spallation products below 
16MeV. See [2] for details.) 

However, it is known that, for water Cherenkov detector, electrons or po- 
sitrons from invisible muons are the largest background in the energy window. 
This invisible muon event is illustrated as follows. The atmospheric neutrinos 
produce muons by interaction with the nucleons (both free and bound) in the 
fiducial volume. If these muons are produced with energies below Cherenkov 
radiation threshold (kinetic energy less than 53MeV), then they will not be 
detected (“invisible muons”), but their decay-produced electrons and positrons 
will be. Since the muon decay signal will mimic the ne“^ process in SK, it 

is difficult to distinguish SRN from these events. In Fig. 2, the SRN event rate 
is compared with the invisible muon events. 

Thus, it appears there is no energy window of SRN, but still we can de- 
tect the SRN events by statistical analysis with the other background events. 
Consider the energy range 17 < (Tg/MeV) < 25. This range corresponds to 
19 < [Eu^/yieY) < 27 by a simple relation, = Tg -f 1.8 MeV. There are 
two advantages in using this energy region. First, the SRN event rate is rat- 
her large, and second, the background (invisible muon) event rate is fairly well 
known by the SK observation. The SRN event rate at SK in this energy range 
is 0.4-0.7yr~^ (Table 1), in contrast, the event rate of the invisible muon over 
the same energy range is 3.4 yr”^. When the SRN event rate is larger than 
the statistical error of the background event rate, we can conclude that SRN is 
detectable as a distortion of the expected invisible muon background event. Un- 
fortunately, only one year observation does not provide any useful information 
about SRN, however, we can expect that ten- year observation provides several 
statistically meaningful results. The statistical error of invisible muon events in 
ten years is \/M = 5.8, which is smaller than the event rate of the LMA model. 
In consequence, although there is no energy window, in which the SRN signal 
is the largest, the statistically meaningful SRN signals might be detected using 
the data for ten years or so. 
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4 Observational Implications for Neutrino Oscillation 

Recently (September 2002), SK collaboration set very severe constraint on the 
SRN flux [7], which is only factor three larger than typical theoretical predictions. 
For example, while Ando et al. [2] predicted that the total SRN flux integrated 
over the entire energy range was llcm~^s“^, the corresponding SK limit is 
31 cm“^ s~^. Since the theoretical calculations contain many ambiguities such as 
the supernova rate in the universe and neutrino spectrum from each supernova, 
this severe observational SRN limit can provide a number of valuable information 
on the various flelds in astrophysics and cosmology. Further, in the near future, 
it is expected that the upper limit will be much lower (about factor 3) when 
the current SK data of 1 ,496 days are reanalyzed using some technique to reduce 
invisible muon background [ 11 ]. 

Thus, it is obviously important and very urgent to give a prediction for the 
SRN flux with the oscillation parameters, which has not been considered; while 
in the previous subsection we gave the prediction with the LMA parameters 
in the case of the normal mass hierarchy, here we also include the case of the 
inverted mass hierarchy, which is not ruled out at all. Note that in that case, 
the resonance also occurs in the antineutrino sector, and it is expected that 
the SRN spectrum would be quite different from that in the case of the normal 
mass hierarchy. From this point on, we use four parameter sets, named as NOR- 
S, NOR-L, INV-S, and INV-L, where NOR and INV represent the normal and 
inverted mass hierarchy respectively, and the suffixes -L and -S attached to NOR 
and INV stand for large (0.04) and small (10~^) values for sin^ 2 ^ 13 , respectively. 
Further, when we calculate the neutrino conversion probability in supernova, we 
adopt the realistic time- dependent density and profiles, which are calculated 
by the Lawrence Livermore group [ 12 ]. This is because during the neutrino burst 
(~ 10 sec), the shock wave propagating the supernova matter changes density 
profile dramatically, and it is expected to affect the adiabaticity of resonance 
points. In addition, we also include the Earth matter effect, which was neglected 
in almost all the past publications including [ 2 ]. 

Figure 3 shows the SRN flux for the various oscillation models; the case of no 
oscillation is also shown for comparison. We also repeated discussions given in the 
SK paper [7] and obtained the 90% C.L. upper limit for the various SRN fluxes; 
the results of the calculation is summarized in Table 2 . As shown in the table, 
all the oscillation models are not excluded yet, since the theoretical predictions 
are still smaller than the corresponding SK limit, while the observational upper 
limit is more severe for the INV-L model. However, since theoretical predictions 
contain many uncertainties, we cannot trust the values given in Table 2 without 
any doubt. 

Now, we consider the future possibility to detect SRN or to set severer con- 
straint on neutrino models. As noted above, the largest background against the 
SRN detection at SK is the invisible muon decay products. In the near future, 
however, it will be plausible to distinguish the invisible muon signals from the 
SRN signals, using the gamma rays emitted from nuclei which interacted with 
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Fig. 3. Number flux of SRN for various neutrino oscillation models. The spectra for 
NOR-S, NOR-L, and INV-S are degenerated, while that for INV-L is the hardest one. 
The flux of atmospheric De is also shown. 

Table 2. The predicted SRN flux for various oscillation models and the corresponding 
SK limit (90%C.L.). The ratio between the prediction and the limit is shown in the 
fourth column 



Model 


Predicted flux 


SK limit (90% C.L.) 


Prediction/Limit 


NOR-S 


12 cm“^ s“^ 


< 35 cm“^ s“^ 


0.34 


NOR-L 


llcm“^s“^ 


< 34cm“^ s“^ 


0.33 


INV-S 


11 cm“^ s~^ 


< 34cm“^ s“^ 


0.33 


INV-L 


9.0 cm“^ s“^ 


< 12 cm“^ s“^ 


0.74 


No oscillation 


12cm“^ s“^ 


< 73 cm“^ s~^ 


0.17 



atmospheric neutrinos [11]. Therefore, if we can detect gamma ray events, whose 
energies are about 5-10 MeV, before invisible muon events by the muon lifetime, 
we can subtract them from the candidates of SRN signals. In that case, the upper 
limit would be much lower (by factor ~3) when the current data of 1,496 days 
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are reanalyzed [11], and the SRN signal might be detected or the more powerful 
information on the combined quantities of the supernova rate and the neutrino 
mixing parameters would be obtained. Then, without invisible muon events, the 
SK data of 1,496 days would be sufficient to permit the SRN detection and set 
very severe constraint on the neutrino mixing parameters. In particular, inverted 
mass hierarchy with large ^13 (INV-L model) would be ruled out first among five 
models we have considered. 



5 Observational Implications for Decaying Neutrinos 

There are other possibilities to enhance the SRN flux in the detectable energy 
region, such as resonant spin-flavor (RSF) conversion or neutrino decay. The 
RSF mechanism is induced by interaction between nonzero magnetic moment 
of neutrinos and supernova magnetic field. We investigated this mechanism in 
other papers in detail [13, 14, 15], but we concluded that estimation of the SRN 
flux with the RSF effect is quite difficult because of the shock wave propagation. 
In this section, we show that neutrino decay of a particular type may be ruled 
out or severely constrained by the current and the future SRN observation at 
SK [9]. 

We consider two-body neutrino decays such as vi — > Uj -\- where Vi are 
neutrino mass eigenstates and X denotes a very light or massless particle, e.g., a 
Majoron. The strongest limits on this decay modes are obtained from the solar 
neutrino observation by SK [16]. It was argued that the limit is obtained pri- 
marily by the nondistortion of the solar neutrino spectrum, and the potentially 
competing distortions caused by oscillations as well as the appearance of active 
daughter neutrinos were also taken into account. However, owing to the restric- 
ted distance scale to the Sun, this limit is very weak, r/m > 10“^s/eV, and 
therefore, the possibility of the other astrophysical neutrino decay via the same 
modes cannot be eliminated. On the other hand, the advantage of using SRN as 
a tool is that the neutrinos must propagate over very long distance scale from 
the cosmological supernovae to the Earth, and much longer lifetimes would be 
probed in principle. The current SRN upper limit is only a factor three larger 
than theoretical predictions [2], which adopted neutrino oscillations using expe- 
rimentally inferred parameters. Therefore, if some neutrino decay model predicts 
the SRN flux which is three times larger than the prediction of [2], then it is 
excluded. 

We note that our approach is powerful only when the decay model satisfies 
specific conditions such that (i) the daughter neutrinos are active species, (ii) 
the neutrino mass spectrum is quasi-degenerate (mi m2 ~ ^3), and (iii) the 
neutrino mass hierarchy is normal (mi < m3), not inverted (mi > m3). This 
is because at present, only the upper limit of the SRN flux is obtained, and 
therefore, the decay model which does not give large flux at detection energy 
range (FJp^ > 19.3 MeV) cannot be satisfactorily constrained. All these conditi- 
ons (i)-(iii) must be satisfied to obtain severe constraints on the neutrino lifetime. 
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because (i) if the daughter neutrinos are sterile species, the SRN flux decreases 
compared with the model without the neutrino decay; (ii) if the neutrino mass 
spectrum is strongly hierarchical, then the daughter neutrino energy is degra- 
ded compared to its parent and the predicted SRN flux at high energy range 
would not be large; and (iii) in the case of inverted hierarchy, Pg most tightly 
couple to the heaviest mass eigenstates, which decay into lighter states, and it 
also reduces the SRN flux. Therefore, we assume that the conditions (i)-(iii) are 
satisfied, but we believe that future observational development would enable far 
more general and model-independent discussions, which are not restricted by the 
above conditions. 

Before giving a detailed discussion, we place some simplifying assumptions. 
Instead of the lifetime, we define “decay redshift” zf of the mass eigenstate 
if the source redshift z is larger than the decay redshift zf, all the neutrinos 
Ui decay, on the other hand if z < zf, i?i completely survive. We consider the 
decaying mode 9^ Pi and P 2 ~ > Pi, and zf and zf are taken to be two free 
parameters. The other case that one of them is stable can be realized if we take 

> ' 2 ^max- With these assumptions and parameterization, the neutrino spectrum 
which is emitted by the source at redshift 2 : can be obtained. In general, the decay 
redshifts depend on the neutrino energy since the lifetime at the laboratory 
frame riab relates to that at the neutrino rest frame r via a simple relation 
riab = Ejyr/m. However, we believe that it does not make sense in discussing 
this point strictly, because the estimation of the SRN flux contains many other 
uncertainties. In order to obtain the lifetime of the mass eigenstates P^ from the 
decay redshifts, the typical neutrino energy Ej^ = lOMeV is assumed with the 
following formulation: 



m dt 
El, Jzf dz 

f 



m 



dz 



Ho{l + Z)y/{1 + nmZ){l + Z)^ ~ + Z^) ’ 



(2) 



where the Hubble constant Hq is taken to be 70kms~^ Mpc~^, and H-dominated 
cosmology is assumed = 0.3, = 0*7). Since the exact value of the neutrino 

mass m is not known, the relevant quantity is the neutrino lifetime divided by 
its mass, r/m. 

Figure 4 shows the SRN flux for various parameter sets of decay redshifts 
{zf^ zf) as a function of neutrino energy. The solid curve in Fig. 4 shows the SRN 
flux in the case that (zf,zf) = (5.0, 5.0), which represents the same flux as that 
without the neutrino decay. Then, we included the decay of the heaviest mass 
eigenstate P 3 by reducing the value of zf, with keeping P 2 stable. When 2:3 = 1.0 
(dotted curve), the SRN flux at low energy region (Ep^ < 35MeV) deviates 
from the pure oscillation model (5.0, 5.0). This is because the neutrinos from 
supernovae at redshift larger than zf = 1.0 are affected by the P 3 Pi decay 
and it results in the increase of Pe . Since the neutrino energies are redshifted by a 
factor of ( 1 - 1 - 2 ;)“^ owing to an expansion of the universe, the decay effect can be 
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Fig. 4. The SRN flux for various parameter sets of decay redshifts. Each label repre- 
sents 



seen at low energy alone. When the value of is reduced to 10“^, the neutrinos 
even from the nearby sources are influenced by the i /3 — > decay, resulting in 

the deviation over the entire energy range as shown by the long-dashed curve in 
Fig. 3. If we add the z /2 — ^ decay, it further enhances the SRN flux. 

Figure 5 shows a contour plot for a ratio of the predicted flux to the ob- 
servational upper limit, which is projected against the lifetime-to-mass ratios 
(r 2 /m, Ts/m). The area below the solid curve labeled as 1.0 is considered to be 
an excluded parameter region. We can confirm that our approach is very power- 
ful to obtain the constraint on the neutrino lifetimes, because the best observed 
lower limit thus far (> 10“^s/eV) is much smaller than that shown in Fig. 5 
(> lO^^s/eV), although there are still many uncertainties in this method such 
as supernova rate as a function of redshift and neutrino spectrum emitted from 
each supernova explosion. 



6 Conclusion 

We investigated the SRN flux and their event rate at the SK detector for va- 
rious neutrino oscillation models. We discussed the detectability of SRN at SK, 
comparing this SRN flux with other background neutrinos in more detail than 
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Fig. 5. A contour map of a prediction-to-limit ratio of the SRN flux which is projected 
against the lifetime-to-mass ratios (r 2 /m,r 3 /m). 



previous studies, and found that in the energy range 17-25 Me V, ten-year ob- 
servation might enable us to detect SRN signal (at one sigma level). 

We also set 90%C.L. upper limit on the SRN flux for various oscillation 
models using the recently released observational result by SK. There are no 
oscillation models which are already excluded by the SRN observation at present, 
but the upper limit is very severe to the INV-L model. In the near future, 
further reduced upper limit is actually expected, when the current SK data are 
reanalyzed using some technique to reduce background events against the SRN 
signals. It is expected that the reduced upper limit is sufficient to provide useful 
implications for neutrino oscillation. 

Using the SRN observational result, we also obtained the current lower limit 
to the neutrino lifetime-to-mass ratio of a specific decaying mode. Since the limit 
obtained by our method were found to be much stronger than the limit obtained 
by the solar neutrino observation, our approach was shown to be very powerful 
to obtain the implications for the neutrino decay. Although the current SRN 
estimation contains very large uncertainties, in future the most general model- 
independent discussions concerning the neutrino decay would be possible. 
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Abstract. The Apollo and Galileo missions provided unambiguous evidence that the 
Sun is iron-rich. New experimental measurements and theoretical studies are now nee- 
ded to build a framework for understanding the source of solar luminosity, neutrinos 
and mono-isotopic hydrogen coming from the Sun. Specifically, measurements are nee- 
ded of the low energy (E < 0.782 MeV) anti- neutrinos that would be produced if 
neutron-decay is occurring near the core of the Sun and a theoretical basis is needed 
to understand empirical evidence of a) repulsive interactions between like nucleons, b) 
clustering of nucleons, and c) possible neutron penetration of the gravitational barrier 
surrounding a neutron star. 



1 Introduction 

The Apollo program landed men on the moon six times from 1969 to 1972 and 
returned lunar samples for laboratory analysis at a total cost of $150 billion 
to $175 billion US dollars [1]. This “cold- war” mission provided unexpected 
new information about the Sun. Material implanted in the surfaces of lunar 
samples by the solar wind (SW) revealed unambiguous evidence of severe mass 
fractionation (MF) that enriches lighter mass (L) elements and isotopes over 
heavier mass (H) ones at the solar surface by a common power law [2], where 
the mass fractionation is 



MF = (1) 

When the elemental composition of the solar photosphere [3] is corrected 
for this empirical fractionation, the most abundant elements in the interior 
of the Sun are found to be Fe, Ni, O, Si, S, Mg and Ca [2]. These same se- 
ven, even-Z elements comprise 99% of the material in ordinary meteorites [4]. 
The probability (P) is essentially zero that this agreement is fortuitous, P < 
0.000000000000000000000000000000002. 

The Galileo mission that reached Jupiter in 1996 was less expensive but 
equally important in confirming the prediction [ref. 2, p. 220] of “strange” xe- 
non in Jupiter, unlike that in the Sun. The data are available on the web at 
(http : //web .umr . edu/'“om/abstracts2001/windleranalysis .pdf). 

Thus, the Apollo and Galileo missions confirmed that the interior of the 
Sun is iron-rich, as indicated by numerous earlier analyses of meteorites [5,6,7], 
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terrestrial planets [8], and the Sun itself [9,10]. Ref. [11] has a concise list of the 
measurements since 1960, which indicate that the Sun formed on the collapsed 
core of a supernova, as shown in Fig. 1. 




A massive spiiming star 
becfomes ckemically la3rered 
the etd of its life, when 
as3nnmcthc collapse occws 
to conserve angular momentum 



The infall of kiw-Z elements 
causes an axially dire cted super-nova 
explosioiw producing a rapidly 
e xpanding b ipokr nebula with an 
equatorial accretion disk. 



The sun forms on the SN core; 
cores of inner planets form 
in the Fe-rich region anDund 
the SN core j Jovian planets 
form in the outer SN kjrers. 



Fig. 1 . The Solar System formed from debris of a spinning supernova. 



The last frame in Fig. 1 is remarkably like a recent photo from the Hubble 
space telescope of a nearby dying star called V Hydrae: 

(www . universetoday . com/am/publish/v_hydra_f inale . html). This discovery 
was the subject of a recent report in Nature [12], but the pictures published there 
are less clear. Proponents of the hydrogen-filled Sun should now address the mea- 
surements listed in ref. [11] and others that indicate the Sun is iron-rich [5-10] 
and oscillates like a pulsar [13]. 

At last year’s conference in Oulu, Finland [14] it was noted that neutron 
emission from the central neutron star at the core of the Sun likely triggers a 
series of reactions that generate solar luminosity (SL), neutrinos, and a upward 
flow of protons that maintains mass separation in the Sun and generates an 
outpouring of ions from the solar surface: 

• Neutron emission from a central neutron star (>57% SL) 

• <Cq Ti > — y 10 — ‘2‘IM cV 

• Neutron decay (<5% SL) 

• 0 ^ ^ -h e“ + anti — u 0.782Mey 

• Fusion and upward migration of H+ (<38% SL) 

• 4}iL+ + 2e- -^|iLe++-f 2i/-h27Mey 

• Escape of excess H+ in the solar wind (100% SW) 

• Each year 3 x 10^^ H+/year depart in the solar wind 
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Abrupt changes in climate and the heterogeneous, dynamic nature of the 
Sun have also been at odds with the assumption of a homogeneous Sun with a 
well-behaved H-fusion reactor at its core. Many of these violent events at the 
solar surface are driven by solar magnetic fields, deep-seated remnants of ancient 
origin [15] arising from a) the neutron star at the solar core, and/or b) the iron- 
rich, super-conducting [16] material that surrounds the central neutron star. 

The present paper identifies the need for a better theoretical understanding 
of the processes that occur in an iron-rich Sun and suggests a few experimental 
measurements to test if these are part of the Sun’s operation. 



2 The Source of Luminosity in an Iron- Rich Sun 

Over 20 years ago it became abundantly clear that the Sun must be iron-rich 
[2]. However the stable isotopes of iron contain tightly bound nucleons, so this 
could hardly be the source of solar luminosity. Finally on Christmas day of 
2000, three students and I submitted a report to the Foundation for Chemical 
Research, Inc. [17] with a summary of information obtained when we abandoned 
the conventional approach and used something akin to the reduced variables in 
van der Waals’ equation of corresponding states to study properties of the 2,850 
nuclides tabulated in the latest report from the National Nuclear Data Center 
[18]. 

Trends in the reduced variables, Z/A or charge per nucleon, and M/A or 
potential energy per nucleon, revealed evidence that the n-p interactions are 
strongly attractive, while the n-n and p-p interactions are strongly repulsive and 
symmetric after correcting for the well-known repulsive Coulomb interactions 
between positive nuclear charges. 

These findings were unexpected from the two-nucleon interaction potentials 
described in standard nuclear textbooks, where disintegration, far from the valley 
of beta stability, is attributed to proton and neutron drip lines beyond which 
“... the unbound proton or neutron drips out of the nucleus .” [19, page 381]. 

On the contrary, trends in the empirical data indicate that neutron or proton 
emission releases large amounts of energy if the parent nuclide is far from the 
valley of beta stability. Proton emission releases the largest amount of energy 
when Z/A 1.0, but this probably does not correspond to any natural form of 
matter heavier than ^H. However, neutron emission when the parent nuclide has 
Z/A 0, e.g., a neutron star, typically releases 10-22 MeV per neutron emitted. 
This converts a larger fraction of rest mass into energy than does fission or fusion. 
Thus, neutron emission may account for a large fraction of the energy released 
by the Sun and other stars that formed on collapsed supernova cores [5, 6]. 

The empirical basis for concluding that interactions between like nucleons 
are repulsive, that nucleons cluster, and that neutron emission may be a major 
source of solar energy is presented below. These empirical findings and their 
possible roles in the operation of the Sun demonstrate the need for a better 
theoretical understanding of nucleon interaction potentials, and possible neutron 
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penetration of the gravitational potential barrier around a neutron star. The 
results may advance both nuclear physics and our understanding of the source 
of energy that bathes planet Earth and sustains life. 



3 Nuclear Clustering and Interactions Between Nucleons 

The “cradle of the nuclides”, Fig. 2, illustrates major trends when data for 
ground states of the 2,850 known nuclides [18] are plotted in terms of Z/A, 
charge per nucleon, versus M/A, mass or total potential energy per nucleon, and 
then sorted by mass number, A. All nuclides have values ofO<Z/A<l, and 
these define a cradle shaped like a trough made by holding two cupped hands 
together. The more stable nuclides lie along the valley, and ^^Fe lies at the lowest 
point. Lighter, more fusible nuclides occupy higher positions, up the steep slope 
to the left of A = 56 in Fig. 2. The heavier, more fissionable nuclides occupy 
slightly higher positions, up the gradual slope to the right of A = 56. 




Fig. 2. The ground states of the 2,850 nuclides define a “cradle”. 



At any given value of A, the masses of the nuclides define a “mass parabola” 
as the values of Z/A increase from the lowest known value, closest to Z/A = 0, 
to the highest known value, closest to Z/A = 1. The most stable charge on any 
nuclide of mass number A generally lies about midway between the front and 
back planes in Fig. 2, at the low point in the mass parabola. 
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Nuclides that are closer to the front plane, i.e., those having lower values 
of Z/A, tend to decay by negatron (electron) emission; nuclides that are closer 
to the back plane in Fig. 2, i.e., those having higher values of Z/A, tend to 
decay by positron emission or electron capture. There is a minor “saw-tooth” 
fine structure caused by even-even versus odd-odd effects when A is an even 
number. To avoid this distraction, the next three graphs will show these trends 
in more detail when A is an odd number. 

Fig. 3 shows, for example, a cross section through Fig. 2 at A = 27. The low 
point in the mass parabola occurs at ^^Al. From left to right, all eight known 
nuclides [18] at A = 27 are ^^F, ^^Ne, ^^Na, ^^Mg, ^^Al, ^^Si, and 




Fig. 3. An illustrative cross section through Fig. 2 at A = 27. 



Fig. 3 also shows values of M/A for unbound nucleons, a neutron on the left 
at Z/A = 0 and an atom on the right Z/A = 1.0, respectively. The empirical 
mass parabola defined by ^^F, ^^Ne, ^^Na, ^^Mg, ^^Al, ^^Si, and yields 
much higher values of M/A for an assemblage of 27 neutrons at Z/A = 0 or 
for an assemblage of 27 protons at Z/A = 1.0, respectively. Cross-sectional cuts 
through Fig. 2 at any other value of A > 1 reveal an empirical mass parabola 
with values of M/A > M(^n) at Z/A = 0 and values of M/A > M(^H) at Z/A 
= 1.0. 

Typically the excess energy associated with these assemblages of pure neu- 
trons or protons is ~10 MeV per nucleon, plus the energy from Coulomb re- 
pulsion at Z/A = 1. Unlike the imagined dripping of neutrons near Z/A ^ 0 
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[ref. 19, page 381], it thus appears that neutron emission may release significant 
amounts of energy from a neutron star. 

Coulomb repulsion contributes to the high value of M/A for the assemblage 
of 27 protons on the right side of Fig. 3, but not to a nucleus of 27 neutrons on 
the left. In fact. Coulomb repulsion accounts for the difference between values 
of M/A at the intercepts where Z/A = 1.0 and Z/A = 0, and this difference 
increases linearly with over the mass range, A = 1 - 41 [20]. The slope of 
this line is indistinguishable from that defined by the familiar ^-decay of mirror 
nuclei close to the line of /?-stability, e.g., (^H, ^n), (^He, ^H), (^Li, ^He), (^Be, 
"Li,), . . . , rSc, 4iCa) [20]. 

Thus, the values obtained for M/A from empirical mass parabolas at Z/A = 
1.0 and Z/A = 0 yield the same nuclear radius and the same coefficient for the 
Coulomb energy term as the mirror nuclei close to the line of j3- stability for A 
= 1-41 [20]. 

The decay energy, and hence the Coulomb energy of heavier nuclides, A > 
41, can also be obtained from differences indicated by mass parabolas for values 
of M/A at Z/A = 1.0 and Z/A = 0. Fig. 4 shows the results for all odd values 
of A, from A = 1 to A = 263. 

The decay energies of light nuclides in Fig. 4 vary linearly with A^/^, but 
fine structure starts to appear near A 80. Peak energies, at A = 91, 115, 143, 
199, 209 and 253, likely arise from high Coulomb energy at Z/A = 1 because 
of clustering of nucleons into tightly packed structures. Likewise, valleys at A = 
79, 101, 131, 153, 203, 217 and 259 likely mean low Coulomb energy at Z/A = 
1 because of more loosely packed nucleons. 

There is no Coulomb energy associated with the other extreme form of nuc- 
lides, at Z/A = 0. These are the intercepts of mass parabolas at each value of A 
with the front plane in Fig. 2. However, these neutron-rich nuclides at Z/A = 0 
also reveal fine structure, as shown in Fig. 5 for all odd values of A from A = 1 
to 263. 

The data in Fig. 5 includes, for example, M/A = 1.019 at A = 27, as shown 
earlier in Fig. 3. Note that all values of M/A for A > 1 are higher than that of 
the free neutron at A = 1. This was first recognized as an indication of repulsive 
interactions between neutrons [17]. Neutron emission from these nuclides would 
typically generate about 10 MeV per nucleon, as shown by the example in Fig. 
3 at A = 27. 

The rhythmic distribution with A in values of M/A at Z/A = 0 was not 
understood in 2000. However, the peaks and valleys in Fig. 5 occur at the same 
mass numbers as those in Fig. 4 for A >79. Nuclear clustering into tightly packed 
structures produces peaks at A = 91, 115, 143, 199, 209 and 253 in Fig. 4 from 
enhanced Coulomb repulsion. Nuclear clustering into tightly packed structures 
produce peaks at these same mass numbers in Fig. 5 from enhanced repulsion 
between neutrons. Loosely packed nucleons produce valleys at A = 79, 101, 131, 
153, 203, 217 and 259 in Fig. 4 from reduced Coulomb repulsion between loosely 
packed protons and in Fig. 5 from reduced repulsion between loosely packed 
neutrons. 
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Fig. 4. Decay energies of extreme nuclides, where the Coulomb energy drives (Z/A = 
1) (Z/A = 0), for all odd values of A from A = 1 to 263. 
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Fig. 5. Values of M/ A at Z/A = 0 for all odd- A parabolas, A = 1-263. 
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The rhythmic scatter of data in Fig. 5 suggests that nuclear clustering also 
occurs below A = 79. However, the positive charge on light nuclei apparently 
maintains a spherical shape. Thus, the Coulomb energy is proportional to 
at A < 79 in Fig. 4, as well as in ordinary mirror nuclides [20]. 



4 Theoretical and Experimental Studies Needed 

The structure of the solar core likely involves a central neutron star surrounded 
by iron-rich material. In order to see if neutron emission from the central neutron 
star might trigger a series of reactions that generate solar luminosity, neutrinos, 
and an outpouring of H+ ions from the solar surface [14], a better theoretical 
understanding is needed of: 

(a) repulsive interactions between neutrons 

(b) clustering of nucleons, and 

(c) neutron emission by penetration of a gravitational barrier. 

Likewise, the proposed structure of the solar core can be tested by experi- 
mental measurements to look for evidence of: 

(d) low energy (E < 0.782 MeV), anti-neutrinos coming from neutron decay 
near the solar core 

(e) another source for the neutral neutrino current detected by SNO experiment 
[21], and 

(f) a dense object (about 10 km) at the solar core. 

The empirical basis for concluding the likely involvement of processes (a) — 
(c) in the operation of the Sun was presented above. However, a better theoretical 
basis for these processes is needed. 

The presence of process (d) could be detected by measuring inverse /3-decay 
induced by low energy anti- neutrinos coming from the Sun. For example, the ^^Cl 
^^S reaction might produce measurable levels of 87-day ^^S in the Homestake 
Mine or in underground deposits of salt (NaCl). 

Regarding item (e), the SNO experiment [21] on solar neutrinos shows that 
the charge current comes from the direction of the Sun, but new measurements 
are needed to determine the source of the much larger neutral current. 

A recent paper [15] suggests that the 22-year cycle of solar magnetic storms 
may arise from the neutron star at the solar core and/or from the iron-rich super- 
conducting material that surrounds it. Measurements of gravity anomalies and 
of the Sun’s quadrupole moment might also provide information on (f), a dense 
object at the solar core. 
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Nuclear Reactions in the Sun after SNO 
and KamLAND 
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Abstract. In this brief review we discuss the possibility of studying the solar interior 
by means of neutrinos, in the light of the enormous progress of neutrino physics in 
the last few years. The temperature near the solar center can be extracted from Boron 
neutrino experiments as: T = (1.57T0.01) 10^ K. The energy production rate in the Sun 
from pp chain and CNO cycle, as deduced from neutrino measurements, agrees with the 
observed solar luminosity to about twenty per cent. Progress in extracting astrophysical 
information from solar neutrinos requires improvement in the measurements of 
^He Be 4- 7 and p N O + 7 . 



1 Introduction 

Some fourty years ago John Bahcall and Raymond Davis started an explora- 
tion of the Sun by means of neutrinos [1, 2]. Their journey had a long detour, 
originating the so called solar neutrino puzzle: all experiments - performed at 
Homestake, Kamioka, Gran Sasso and Baksan and exploring different portions 
of the solar neutrino spectrum - reported a deficit with respect to the theoretical 
predictions. Were all the experiments wrong? Or were the Standard Solar Mo- 
del (SSM) calculations inadequate? Or something happened to neutrinos during 
their hundred million km trip from Sun to Earth? 

After thirty years the SNO experiment, with its unique capability of collec- 
ting and distinguishing events from and from neutrinos of different flavour, has 
definitely proved that the missing electon neutrinos from the Sun have changed 
their flavour [3]. This effect has been confirmed by KamLAND: man made elec- 
tron antineutrinos from Japanese reactors disappear during their few hundreds 
km trip to the detector [4]. 

The enormous progress of the last few years is summarized in Fig. 1. A global 
analysis of solar and reactor neutrino results yields for the oscillation parameters 
Sm^ = 7 . 1 I 0.6 ^ “ 32.5l2'3 degrees [5], see also [6, 7]. 

Really we have learnt a lot on neutrinos: their survival/ transmutation pro- 
babilities in vacuum and in matter are now substantially understood. There is 
still a long road for a full description of the neutrino mass matrix, however now 
that we know the fate of neutrinos we can exploit them. 

In this spirit we can go back to the original program started by Davis and 
Bahcall and ask what can be learnt on the Sun from the study of neutrinos. 
This question is clearly connected with the knowledge of nuclear reactions in 
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Fig. 1. Global analysis of solar and terrestrial neutrino experiments. 

(a) Before SNO results, (b) including SNO-phase I, (c) including KamLAND results, 
(d) including SNO-salt phase. From [7, 8, 9]. 



the Sun and in the laboratory. Each component of the solar neutrino flux (pp, 
Be, B ...) is determined by physical and chemical properties of the Sun (density, 
temperature, composition...) as well as by the cross sections of the pertinent 
nuclear reactions. The knowledge of these latter is thus crucial for extracting 
information on the solar interior from neutrino observations. 
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In this short review we shall discuss a few items: 

i) what can be learnt on the Sun from measurement of the Boron flux? 

ii) what can be learnt from solar neutrinos about energy generation in the Sun? 

iii) measurements of the nuclear cross sections which are crucial for extracting 
astrophysical information from solar neutrino experiments. 




pp-II 



pp-III 



Fig. 2. The pp-chain. Probabilities of the different branches and the neutrino energies 
are indicated. 
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2 The Boron Flux: Nuclear Physics and Astrophysics 

Among the various branches of the pp-chain, see Fig. 2, the status of neutri- 
nos, the component originating in the pp-III branch, is unique in two respects: 

i) experiments as SNO and SuperKAMIOKANDE are sensitive to these neutri- 
nos only (whereas the signal in Chlorine and Gallium radiochemical experiments 
is a weighted sum of several components); 

ii) the total active neutrino flux from decay + ^r) is now a 

measured quantity 

By combining the flnal SuperKAMIOKANDE electron scattering data and 
the latest SNO charged and neutral current fluxes one obtains [7]: 

= 5.5 (1 =b 7%)10^cm“^s~^ (1<^) ^ (1) 

in good agreement with the predictions of recent SSM calculations, all prior to 
this important experimental result, see Table 1. 



Table 1. Predictions of some recent SSM calculations compared with experimental 
result. 





EXP 




THEORY 






[7] 


BPOl [10] 


FRANEC [11] 


GARSOM [12] 


d>B [10® cm 


5.5(1 ± 7%) 


5.05 


5.20 


5.30 


T [l(fK] 




1.5696 


1.569 


1.57 



The seven per cent accuracy, which is already remarkable, could be possibly 
improved in the next few years, as a consequence of higher statistics and better 
experimental techniques. 

The Boron flux, as well as the other components, depends on several nuclear 
physics and astrophysical inputs A, see e.g. [13, 14]. Scaling laws give the varia- 
tion of fluxes with respect to SSM calculations when the input parameter X is 
slightly changed from the SSM value Xssm' 

^ ^SSM ^2) 

The power law coefficients ax, derived with FRANEC models including dif- 
fusion, are collected in Table 2. Generally there is excellent agreeement between 
our calculated values and those in ref. [15]. 

For the Boron flux one has: 






^SSM -0.43 0.84 -1 

*33 *17 * 



'B S 



^34 



-1 -2.7 



17 ^e7 *11 



comp^'^ opa^'^ age^‘^ 



dif 



0.34 



(3) 
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Table 2. Neutrino fluxes, central solar temperature and solar model inputs. 

Each column contains the logarithmic partial derivates of the neutrino fluxes and T 
with respect to the parameter shown at the top of the column. All the values have 
been computed with FRANEC including elemental diffusion. Generally there is good 
agreement with [15]: in parenthesis we report the corresponding values from [15] when 
the difference exceeds 10%. 





^11 


533 


Nuclear 

-S '34 


S\7 


5i 14 


lum 


Astrophysical 
comp opa age 


dif 


pp 


0.114 


0.029 


-0.062 


0 


- 0.019 


0.73 


-0.076 


-0.12 


-0.088 


-0.02 




loM 
















(-0.07) 




Be 


-1.03 


-0.45 


0.87 


0 


-0.027 


3.5 


0.60 


1.18 


0.78 


0.17 












(-0.00) 








(0.69) 




B 


-2.73 


-0.43 


0.84 


1 


- 0.02 


7.2 


1.36 


2.64 


1.41 


0.34 












(+0.01) 












N 


-2.59 


0.019 


-0.047 


0 


0.83 


5.3 


1.94 


1.82 


1.15 


0.25 




















(LQi) 




O 


-3.06 


0.013 


-0.038 


0 


0.99 


6.3 


2.12 


2.17 


1.41 


0.34 






(0.02) 


(-0.05) 
















T 


-0.14 


-0.0024 


0.0045 


0 


0.0033 


0.34 


0.078 


0.14 


0.083 


0.016 



where for each parameter x = . The first line contains the nuclear 

physics parameters {Sij are the astrophysical factors at zero energy for nuclear 
reactions i + j), and the second line groups the astrophysical inputs: 

-lum = (L/Lq) expresses the sensitivity to the solar luminosity; 

-comp = {Z I X) I {Z I X)^^^ accounts for the metal content of the solar photos- 
phere; 

-age = (t/t©) expresses the sensitivity to the solar age; 

-opa and dif are uniform scaling parameters with respect to the opacity tables 
and the diffusion coefficients used in SSM calculations. 

It is clear from Eq. 3 that from a flux measurement one can learn astrophysics 
if nuclear physics is known well enough. 



2.1 Uncertainty Budget on 

In Table 3 we present the uncertainty budget, including errors on the inputs and 
the propagated effect on This table deserves several comments. 

i)In the last few years there has been a significant progress in the experimental 
study of low energy nuclear reactions. In particular LUNA, performed in the 
underground Gran Sasso laboratory, has been able to measure the ^He He 
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He -\-2p down to solar energies, avoiding extrapolations. This resulted in a 
reliable determination of S'33 with 6% accuracy [16]. 

ii) Concerning the reaction ^ Be + p 5 + 7, until a few years ago the 
uncertainty on the astrophysical factor was at the level of 10-15%: two reviews, 
published in 1998, recommended S 17 — I9I2 = 21 zb 2 eVb 

[18]. Several new experiments were performed in the last few years, see Table 4. 



Table 3. Uncertainties budget on Boron neutrino flux. All the values are at la- 

level. 



Source AX/X (%) A^bI^b (%) 


533 


6* 


3 


S 34 


9^ 


8 


Sit 


5 


5 


SeT 


2^ 


2 


5ii 


2+ 


5 


lum 


0.4 


3 


comp 


7 


10 


opa 


2.5 


7 


age 


0.4 


0.6 


dif 


10 


3 


Exp. 




7 


* from [16]; 


^ from [17] 





Quite recently new measurements have been presented [19], ranging from 
Ecm = 116 to 2460 keV, and incorporating several improvements over the 
previously published experiment [20]. This new measurement yields Su = 
22.1zb0.6(ea;pt)zb0.6(^/ieor) eVb based on data from Ecm = H6 to 362 keV. The 
central value is obtained from the theoretical shape predicted by Descouvemont 
and Baye [21]. The theoretical error is based on the fit of 12 different theories to 
the low energy data. 

In addition Junghans et al. [19] compare the results of all “modern” direct 
experiments, by using the same theoretical curve in fitting the data. They find: 

5 i 7 = 21.4 zb 0.5 eVb Ecm < 425 KeV = 1.2 (4) 

5 i 7 = 21.1 dz 0.4 eU5 Ecm < 12 m KeV xVd.o./. - 2.1 . (5) 

The fit at the low-energy region is quite good, whereas the wide-range suggests 
that some of the uncertainties may be underestimated. In conclusion, they re- 
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commend as “best” value: 

Sir = 21.4 zb 0.5{expt) + 0.6{theor) eVb (Icr). (6) 

We remind however that the low-energy global fit is dominated by the data 
of ref. [19], all other “modern” experiments yielding somehow lower Sir values. 
Indirect methods for determining Sir (Coulomb dissociation, heavy ion transfer 
and breakup) also suggest a somehow smaller value. In conclusion it looks that 
a 5% accuracy on Sir has been reached. 



Table 4. Results on Sir from direct capture experiments. 



5'i7(0) [eVb\ 


Ref. 




Adelberger et al. compilation [17] 


21 ±2 


NACRE compilation [18] 


20.3 zb 1.2 


Hass et al. [22] 


18.8 zb 1.7^ 


Hammache et al. [23] 


18.4 zb 1.6 


Strieder et al. [24] 


21.2 zb 0.7 


Baby et al. [25] 


22.1 ±0.6 


Junghans et al. [19] 



^ theoretically uncertainty included 



iii) Concerning the metal fraction ZjX^ by using the values reported in [26] and 
by propagating the individual uncertainties one finds [35]: 

Z/Xq = 0.0233 ± 0.0166 (la). (7) 

This 7% uncertainty is similar to that estimated in [27], on the grounds of the 
spread among the ZjX estimates published from 1984 until 1993. 

iv) With regards to the diffusion coefficient, we assume a 10% uncertainty on 
the grounds that larger variations would spoil the agreement with helioseismic 
results [28]. 

Our uncertainty budget is similar to that presented in [29], the main diffe- 
rence regarding the error on Syj (Bahcall refers to the Adelberger estimate). 
Also, concerning the effect of diffusion, a more conservative estimate is adopted 
in [29], where the uncertainty is obtained by comparing models with and without 
diffusion. 

In conclusion the accuracy on the measured Boron neutrino flux is already 
comparable to astrophysical uncertainties of the solar model. The 9% error of 
Ss 4 is presently the main source of uncertainty for extracting information on 
solar properties from the measurement of the neutrino flux. In this respect, 
the planned new measurement of ^He -b^ He cross section by LUNA at Gran 
Sasso is most important. 
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2.2 The Central Solar Temperature 

As well known Boron neutrinos are an excellent solar thermometer, since the 
produced flux depends on a high power 20) of the temperature near the solar 
center T. It is now time to rediscuss this possibility of exploring the solar interior 
since the produced flux has been measured. 

We remind that T is not an independent quantity, its value being the result of 
the physical and chemical properties of the star. Actually, the various inputs to 
in eq. 3 can be grouped according to their effect on T. All nuclear inputs but 
5ii only determine the weight of the different branches ppl/ppll/pplll without 
changing solar structure and temperature. On the other hand, to a large extent 
the effect of the others can be reabsorbed into a variation of the central solar 
temperature, almost independently on the way we use to vary it, see Fig. 3. 



Table 5. Central solar temperature and B neutrino flux. 



Source 


dlnT/dlnX 


dln^B /dlnX 






0 


a 


ajfi 


S33 


0 


-0.43 




S34 


0 


0.84 




Si7 


0 


1 




Se7 


0 


-1 




Sll 


-0.14 


-2.7 


19 


lum 


0.34 


7.2 


21 


comp 


0.08 


1.4 


17 


opa 


0.14 


2.6 


19 


age 


0.08 


1.4 


17 


dif 


0.016 


0.34 


21 



This is shown more quantitatively in Table 5, where one sees a near constancy 
of the values in the last column. In summary we can write: 

(Pb = (8) 

where the coefficient 20 is an average of the calculated a/ j3 (see Table 5) and 

o _ .-0.43 0.84 „-l „-l 
^nuc — *33 *34 *17 *g7 

The agreement of theory and experiment on the Boron neutrino flux means 
thus that we can take T = 1.57 10^ AT as the solar temperature in the region 
where Boron neutrinos are produced [14]. The present experimental uncertainty 
on ^B (7%) and the error on Snuc (10%) yield: 
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Fig. 3. The behaviour of pp, Beryllium, and Boron neutrinos as a function of the 
central temperature T when varying different input parameters, a)from [30], b) from 

[31]. 
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AT/T = 0.6% (9) 

where the main uncertainty arises from 534 . In other words, a crucial prediction 
of SSM has been verified with neutrinos with an accuracy better than 1%. 

A comparison with helioseismology is useful. Helioseismology allows us to 
look into the deep interior of the Sun (see e.g. [32, 10]). The highly precise 
measurements of frequencies and the tremendous number of measured lines en- 
able us to extract both the properties of the convective envelope (depth, helium 
abundance) and the sound speed along the solar profile with high accuracy. This 
latter quantity is determined to the level of about 0.15% in a large portion of 
the Sun. The accuracy degrades to about 1% near the center, see Figure 4. 




Fig. 4. The dark (light) shaded area corresponds to the Icr (3cr) uncertainty on helio- 
seismic determination of isothermal sound speed square U = P/p [34]. The relative 
difference between the SSM prediction [10] and the helioseismic data is also shown 
(thin line). The present uncertainty on the the solar temperature as derived by the 
measurement of Boron neutrino flux is indicated in thick line. 



From helioseismic observations one cannot determine directly the tempera- 
ture of the solar interior, as one cannot determine the temperature of a gas from 
the knowledge of the sound speed unless the chemical composition is known. 
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However, it is possible to obtain the range of helioseismic allowed values of the 
central temperature T, by selecting those solar models which are consistent with 
seismic data. More specifically, in ref. [33] we determined the central temperature 
Theiiosi as that of the model which gives the best fit to the seismic data and 
the uncertainties, {AT)heiios^ corresponding to the range spanned by models 
consistent with these data. We found a central temperature Theiios = 1.58 lO^RT, 
in good agreement with the SSM predictions and we estimated an accuracy of 
this method {AT /T) hellos — 0.5% at (Icr). 

The neutrino result, which is much more direct, is an excellent confirmation 
of helioseismic inferences. The accuracies of the two methods are already com- 
parable, and one can expect neutrinos to become more accurate as better flux 
and cross sections measurements will be available. 



2.3 The Sun as Laboratory 

In the next few years one can envisage a measurement of the solar temperature 
near the center with an accuracy of order of 0.1 per cent, as the result of pro- 
gresses in neutrino and nuclear physics. This can be relevant in several respects: 

1 ) it will provide a new challenge to SSM calculations; 

2 ) it will allow a determination of the metal content in the solar interior, which 
has important consequences on the history of the solar system [35]; 

3) one can And constraints (or surprises, or even discoveries) on several issues, as 
e.g. axion emission from the sun, the physics of extra dimensions, dark matter... 

All this shows that the Sun is really becoming a laboratory for astrophysics 
and fundamental physics. 



3 pp-Chain, CNO Cycle or What Else? 

According to our understanding of the Sun, most of its power originates from the 
pp-chain, with a minor contribution {^ 1 %) from the CNO cycle. Although this 
is theoretically well grounded, an experimental verification is clearly welcome. 

From the theoretical point of view, solar model predictions for CNO neutrino 
fluxes are not precise because the CNO fusion reactions are not as well studied 
as the pp reactions, see Table 6 . Also, the Coulomb barrier is higher for the CNO 
reactions, implying a greater sensitivity to details of the solar model. 

The principal error source is 5i 14 , the astrophysical S-factor of the slowest 
reaction in the CNO cycle, 7 )^^ 0 . At solar energies this reaction is do- 

minated by a sub-threshold resonance at 504 keV, whereas at energies higher 
than 100 keV it is dominated by the 278 keV resonance, with transitions to the 
ground-state of or to the excited states at energies of 5.18 MeV, 6.18 MeV 
and 6.79 MeV. 

According to Schroeder et al. [36], who measured down to 200 keV, the main 
contribution to the total S-factor at zero energy comes from the transitions to the 
ground state of and to its excited state at Ex = 6.79 MeV. In particular. 
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they give Si 14 = 3.20 ± 0.54 keVb. Angulo et al. [37] reanalyzed Schroeder 
experimental data using an R-matrix model. They obtained 14 = 1.77 ± 0.20 
keVb, a factor 1.7 below that of [36]. LUNA at Gran Sasso will soon clarify 
this uncertainty: high accuracy data have been taken down to 180 keV and the 
preliminary results [38] suggest a smaller value than that of Schroeder. 



Table 6. Uncertainties budget on CNO neutrino flux. All the values are at la 
level. 



Source 


AX IX (%) 


A^nI^n (%) 


A^oj^o (%) 


S33 


6 


0.1 


0.08 


S34 


9 


0.4 


0.3 


Si7 


5 


0 


0 


Se7 


2 


0 


0 


Sll 


2 


5 


6 


Si 14 


+11 t 


+9 


+11 


-46 


-38 


-46 


lum 


0.4 


2 


3 


comp 


7 


13 


15 


opa 


2.5 


5 


5 


age 


0.4 


0.46 


0.56 


dif 


10 


3 


3 



^ from [17] 



From a global analysis of solar neutrino experiments [39], Bahcall et al. deri- 
ved an upper limit (3cr) of 7.8% (7.3% including the KamLAND measurements) 
to the fraction of energy that the Sun produces via the CNO fusion cycle. 

As mentioned at the beginning of this subsection, the important underlying 
questions are: is the Sun fully powered by nuclear reactions? Are there additional 
energy losses, beyond photons and neutrinos? 

The idea that the Sun shines because of nuclear fusion reactions can be 
tested accurately by comparing the observed photon luminosity of the Sun Lq (7) 
with the luminosity inferred from measurements of solar neutrino fluxes, Lq^u). 
Bahcall and Pena-Garay [40] performed a global analysis of all the available solar 
and reactor data to determine the Icr (3cr) allowed range for Lq{u). For the ratio 
to the accurately measured photon luminosity, they And: 



Lo(zv) 



— 1 4 + 0 '^ 

— ^*^-0.3 V-o.e; 



( 10 ) 



Lq{i) 

At Icr the luminosity of the Sun as inferred from neutrinos is thus determined 
to about 20%. Note that at 3cr the neutrino-inferred solar luminosity can be as 
large as (as small as) 2.1 ( 0 . 8 ) the precisely measured photon-luminosity. 
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A ^ Be solar neutrino experiment accurate to 5% could improve this determi- 
nation to about 13%. The global combination of a ^ Be experiment, plus a p-p 
experiment, plus the existing solar data and three years of KamLAND would 
make possible a really precise determination of the solar energy produced by 
nuclear reactions, see [40]. 
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Max-Planck Institute for Physics, Fohringer Ring 6 , D-80805 Miinchen 



Abstract. The status and the perspectives of ground-based gamma-ray ( 7 ) astronomy 
will be reviewed. 



1 Introduction 

Ground-based 7 - astronomy, a sector of high energy astroparticle physics, is a re- 
latively young field of research. The window of very high energy (VHE) gamma- 
ray astronomy has been opened in 1989 by the discovery of the first TeV 7 -source 
-the CRAB Nebula- by the Whipple collaboration [ 1 ]. Since 1989 more than a 
dozen VHE 7 -sources have been discovered with high statistical significance in 
the 350 GeV - 10 TeV energy range. Table 1 lists these sources together with 
their first publication and fig. 1 shows the corresponding sky-map above 300 
GeV. All discoveries were made by so-called imaging air Cherenkov telescopes 
(lACT), which have a lower threshold, higher sensitivity and superior 7 /hadron 
( 7 /h) separation power compared to other contemporary ground-based detec- 
tors. Currently, there exists an observation gap between ^10 GeV (the upper 
limit of observations with EGRET, the up to now most powerful satellite borne 
detector) and 300 GeV, the lower limit of contemporary lACTs. Below 10 
GeV more than 270 7 -sources have been detected with an instrument of only 
1000 cm^ detection area (see Third EGRET catalogue [15]) while with lACTs 
of typically a few times lO^m^ collection area one has discovered only about 
a dozen sources above 300 GeV. From simple power law extrapolations from 
the lower energy measurements one expected to observe many of the EGRET 
sources above 300 GeV. Important changes in the 7 -production, respectively in 
7 -absorption in the universe must take place in this unexplored window. The 
study of the 7 -spectra in the up to now unexplored energy gap should shed light 
on the production, respectively absorption processes and thus should contribute 
to our understanding of cosmic ’accelerators’, respectively on star formation. As 
in many other areas of science the understanding of fundamental reactions at 
the upper end of the energy scale will be important to understand the underly- 
ing processes and will allow one to discriminate often between models (see for 
example the pulsar models). 

Gamma rays form only a minuscule fraction (< 10“"^) of the general fiux of 
Cosmic Rays (CR), which are predominantly charged particles (protons, as and 



756 Eckart Lorenz 



Table 1. Observed VHE 7 Sources until Late 2002. 



Source/type 


discovered 


reference 


comments 


Crab/plerion 


1989 


ref. 1 


^ lOcr, steady, seen by > 9 groups 


PSR1706/plerion 


1995 


ref. 11 


> lOcr, steady, seen by 2 groups 


VELA/plerion 


1997 


ref. 12 


> 6a, steady, seen by 1 group 


1006/ SNR 


1998 


ref. 13 


> 6a, seen by 1 group 


CAS A/SNR 


1999 


ref. 14 


4.9 a, seen by 1 group 


RXJ 1713/SNR 


1999 


ref. 15 


5 a, seen by 1 group 


Mkn421/AGN 


1992 


ref. 16 


lOcr, variable, seen by > 5 groups 


Mkn 501/AGN 


1995 


ref. 17 


;:$> lOcr, variable, seen by > 7 groups 


lES 2344/ AGN 


1998 


ref. 18 


6 a, variable, seen by 1 group 


PKS 2155/AGN 


1999 


ref. 19 


5 a 


3C66/AGN 


1998 


ref. 20 


5 a, seen by 1 group 


1ES1959/AGN 


1999 


ref. 21 


> 10(7 variable, seen by 3 groups 


1H1426/AGN 


2001 


ref. 2 


> 5 ( 7 , variable, seen by 2 groups 


OB 2 /unident. 


2001 


ref. 2 


5 a, seen by 1 group 



heavy nuclei with a small admixture of electrons, positrons and antiprotons). 
The sources of CRs are still, after nearly hundred years after their discovery, 
unknown. For the searches of these sources (assumed to be mainly stellar objects) 
charged particles are unsuited because they are deflected by the weak galactic 
magnetic held such that they cannot be traced back to their origin. Only 7 s and 
neutrinos can be used as so-called messenger particles transmitting information 
from the location of high energy processes from outer space because they can be 
extrapolated from the observed direction on earth. High energy cosmic neutrino 
detection requires at least cubic km detector volumes. High energy z/ (neutrino) 
astronomy trails ground-based 7 astronomy by a few decades. Only the sun and 
SN 1987A have been seen in the z^-sky, albeit at low energies. 

The main experimental challenges in VHE/HE 7 astronomy (see Fig.l) are, 
besides constructing a detector with a low threshold and a high sensitivity, to 
identify with high efficiency the 7 s amongst the large flux of charged CRs as well 
as to determine their incident direction with high angular resolution (< 0 . 1 °) 
and their energy with a few % error. 

This paper has the following structure. In chapter 2 some current observations 
and a summary of the main physics goals are given. Section 3 gives a short 
list of processes leading to the production of high energy 7 s. In section 4 the 
basic principle of ground-based 7 - astronomy with lACTs will be summarized. In 
chapter 5 an overview of the new detectors under construction will be presented 
together with their sensitivity. 
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VHE Gamma Sources (E > 300 GeV) 



«iMI 



-90 

■= ♦ = Active Gulactic Nuclei 

Fig. 1. VHE (> 300 GeV) sky map of high significance 7 sources (2002). 




2 Some Selected Results and a Summary of the Physics 
Goals of VHE 7- Astronomy 

In this chapter some recent results will be shown and the physics objectives of 
ground-based 7 -astronomy be summarized. About half of the up to now observed 
VHE 7 -sources are located in our galaxy and half are of extragalactic origin. All 
known galactic sources can be traced back to Supernovae, either Plerions or 
shell type remnants while all observed extragalactic sources are found to be 
active galactic nuclei (AGN). 



2.1 Plerions 

The first source discovered in the VHE region, the Crab, is a nearby galactic 
pulsar surrounded by an expanding gas cloud originating from a well-documented 
Supernova explosion in 1054. The Crab is one of the best studied stellar objects. 
The Crab nebula is the strongest steady state VHE 7 source seen from earth. 
Broadband electromagnetic emission has been observed spanning from radio- 
waves up to nearly 100 TeV. Below 10 GeV a strong pulsed 7 signal has been 
observed while in the TeV region no periodic signal could be detected. This 
could be explained naturally by different emission regions, i.e., KeV/MeV 7 s 
would be produced predominantly by electrons accelerated close to the pulsar 
and the TeV 7 s by particles accelerated in shocks in the surrounding nebula. 
Even there one assumes that the parent particles are very likely also energetic 
electrons which produce 7 s by IC up-scattering of low energy photons initially 
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radiated by the same electrons by synchrotron radiation. Calculations based on 
the so-called SSC model [16] can explain the spectrum quite well between 1 MeV 
and 50 TeV. From the most energetic part of the spectrum and the relative in- 
tensity of the Kev to TeV flux one can estimate the magnetic fleld of the pulsar 
to be in the range of a few hundred /iG. VHE 7 s from the Crab have been obser- 
ved by at least 9 instruments. Experiments could not find any time variability 
above 300 GeV; therefore, (and because of its large flux) the Crab is nowadays 
used as the standard candle for ACT calibrations on the Northern Hemisphere. 
Similarly, PSR 1706-44, a pulsar resembling in many aspects the CRAB, is used 
as standard candle on the Southern Hemisphere. 

2.2 Shell Type Super Nova Remnants (SNRs) 

SNRs are considered to be the sources of the galactic CRs, i.e. these objects 
should showy-production by energetic hadronic particles. Up to now three can- 
didates (SN1006, CAS A, RJX 1713) have been found (refs given in table 1 ), all 
of them with barely 5 a significance, i.e., with a rather low VHE 7 flux compared 
to the Crab. These sources show in the so-called plots the characteristic 
double peak structure reflecting electron acceleration in shocks resulting in a 
low energy synchroton emission peak and the inverse Compton scattering peak 
at higher energies. The observed low flux which could be entirely explained by 
electron acceleration together with the non-observation of TeV 7 -emission from 
some other young SNRs (G 78, IC 443, Tycho..) casts some doubts that SNRs 
will be efficient multi- TeV hadron accelerators. Actually, all the up to now obser- 
ved VHE galactic 7 -sources can still be explained by being electron accelerators 
only. In SNRs the location of acceleration and 7 -emission will be the shell. The- 
refore the source region of nearby SNRs will be extended and excellent angular 
resolution of the lACTs will be needed to resolve any structure. Quite a few 
SNR are observed by EGRET and are strong 7 -emitters in the MeV/low GeV 
region. Unbroken power law extrapolations predict that many of them should 
be detectable above 300 GeV. It will be one of the main challenges for the next 
generation lACTs to find the spectral shape in the up to now unexplored energy 
range between 10 and 300 GeV and help to clarify the question about the origin 
of the charged CRs. An overview of SNR 7 source candidates can be found in 
ref. [17]. 

2.3 AGNs 

Another class of VHE 7 -emitters are some radio-loud, BL-Lac type AGNs. 
EGRET has found up to now > 60 AGN 7 emitters in the MeV region (Third 
EGRET catalogue [15]). In the VHE range 6 sources have been identified, two of 
them, Mkn 421 and Mkn 501, with very high significance. Within the statistical 
errors all sources show rapid time variability. In some cases a strong correlation 
with X-ray variability was observed, favoring again electron acceleration and IC 
scattering as the primary production mechanism. No clear evidence for hadron 
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acceleration has been found. The unambiguous proof might come from the fu- 
ture large v detectors. The first discovered AGN, Mkn 421 [7] showed sometimes 
intense flaring of up to 8 times the Crab flux with doubling times of less than 
a 1/4 hour. This fast flaring is an indication that the acceleration volume must 
be very small. Even taking a typical 7 factor of 10 into account, the volume can 
only have an extension of a few tens of lighthours. Strong and persistent flaring 
was observed in 2001 from the AGN Mkn 421, see the light curve figure 2a. The 
source Mkn 501 showed also a remarkable variation in 7 intensity. In its year 
of discovery, 1995, the mean 7 -flux was only a few % of that of Crab. Nearly 
throughout 1997 Mkn 501 showed persistent but seemingly chaotic flaring of up 
to 10 times the Crab flux. At the same time a significant increase in the X-ray 
spectrum was observed, but nearly no change in the radio emission or visible 
spectrum. Since early 1998 the VHE 7 flux is again very low, see figure 2b. 
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Fig. 2. a) compilation of the light curve of Mkn 421, as measured by the HEGRA CTl 
telescope b) compilation of the light curve of Mkn 501, as measured by the HEGRA 
CTl telescope. Compilation by Martin Kestel. 



Due to their sizeable distance (redshift of z= 0.03 of Mkn 421 and z = 0.034 of 
Mkn 501) the 7 spectra of both AGNs (as well as that of the other extragalactic 
sources) could be affected by interaction with the still unquantified cosmological 
IR background. Figure 3 shows both Mkn spectra in the TeV region. The one of 
Mkn 501 shows a strong deviation from the generally expected power law shape, 
thus this could be interpreted as a cut-off around 6 TeV due to 7 interaction 
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with the IR background. As alternative interpretation one could explain the 
steep drop in the spectrum as an intrinsic source effect. The spectrum of Mkn 
421 shows within the statistics a much steeper slope and a cutoff at a somewhat 
lower energy around 3-4 TeV. Within the errors these two cutoff values are in 
agreement. From the current observations one can already conclude that the 
IR density must be very low, i.e., the star formation rate shortly after the Big 
Bang must have been rather low. It will be one of the most important goals 
of future lower energy observations to measure the 7 spectra of high redshift 
AGNs to determine cut-offs as a function of z, i.e. to determine the so-called 7 - 
horizon as function of energy. The spectra of the other observed AGNs have too 
large errors to derive any additional conclusions about possible cutoffs except 
the spectrum from the recently discovered AGN IH 1426 [13], [18]. Due to its 
redshift of z 0.134, the spectrum should already be significantly affected by the 
limited transmission of our universe for 7 s above 1 TeV. 



Mrk-421 TO Mrk-5Q1: VHE spectra 
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Fig. 3. Spectra from Mkn 421 and Mkn 501. 



2.4 A Short Summary of the Current Physics Objectives in VHE 
7 - Astronomy with lACTs 

The full discussion of the current physics objectives of ground-based 7 - astronomy 
goes beyond the limits of this paper. Therefore, only the main objectives are 
listed: 

• Search for Active Galactic Nuclei (AGN) up to a redshift of z = 2 to 3 , i.e. 
covering also the time of high star formation rate. These observations should 
shed light onto intrinsic 7 production processes in AGNs, black holes and 
indirectly about the cosmological infrared (IR) background from 7 -absorption 
processes (7 horizon). 
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• Search for recently (up to a few 10^ years ago) exploded Super Novae. The 
remnants are considered to be efficient particle accelerators and thus likely to 
be the origin of the charged CRs. On the other hand much fewery-emitting 
SNRs have been found above 300 GeV than expected. 

• Study of Plerions (Pulsars) which are expected to show in certain energy 
bands pulsed 7 emission, i.e., to test of the validity of the polar cap or the 
outer gap model. A low telescope threshold, as close as possible to 10 GeV, 
is essential. 

• Contributing to the identification of the so-called unidentified EGRET sour- 
ces. 

• Study of the diffuse 7 emission of the galactic plane (from charged CRs inter- 
acting with the interstellar gas, e.g., information can be retrieved about the 
gas (dust) density in the galactic plane) 

• Gamma-Ray bursts (GRB) which occur 1-2 times per day and are still in 
many aspects enigmatic. 

• Search for possible Topological Defects left over from the early universe 

• Search for the lightest supersymmetric particles. 7 s would be generated in 
annihilation processes. Such studies could contribute very much to the un- 
derstanding of the open questions about Dark Matter 

• Tests of quantum gravity effects. 



3 Production Processes of VHE 7 - Rays 

High energy 7 s cannot gain energy by acceleration processes common for charged 
particles. Therefore, high energy 7 s need higher energy parent particles. One can 
basically distinguish between ’bottom-up’ and ’top down’ processes. 

’Bottom-up’ reactions are based on the acceleration of charged particles, 
either hadrons (protons... heavy nuclei) or electrons. These are accelerated in 
shock waves or strong electrical fields (generated for example by varying ma- 
gnetic fields). The 7 production occurs in follow-up reactions with some target 
particles. The underlying processes fory production are described by well-known 
particle reactions. Characteristic examples are: 

a) A high energy hadron interacts with some target material such as a nucleus 
from the interstellar gas or from the precursor wind of a Supernova. Such a 
hadronic interaction generates normally plenty of secondary particles, amongst 
them 7 T®s, which decay with a short lifetime (10“^^ sec) into 2 7 s. Besides tt^s, 
also about twice as many charged pions are produced which normally decay into 
neutrinos and muons (which in turn again decay into neutrinos and electrons). 

b) High energy electrons can ’upscatter’ low energy photons (normally there 
are plenty of them around hot stellar objects) to nearly the maximum electron 
energy (Inverse Compton (IC) scattering). Often, the seed photons are generated 
by synchrotron radiation when an energetic electron passes through a magnetic 
field, which is normally present in the environment of a shock wave. This process, 
named the Synchrotron Self Compton (SSC) scattering process, was at first 
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described by A. Harding and O. DeJager [ 16 ]. This process manifests itself by 
the above-mentioned double humped spectrum in a i/Fi/ plot. The SSC process 
links in first order the peak energies and intensities with the magnetic field 
strengths. A measurement of two of the quantities allows one to predict the 
third one or set at least limits. 

High energy 7s can also be produced by a lower energy process, as described 
above, but taking place in a system moving towards the earth (’blue shifting’ 
of 7s, for example in Gamma Ray Bursts (GRB) or in jets of AGNs). In the 
’top-down’ scenario one assumes that some superheavy (O 10 ^® GeV) particles, 
so-called Topological Defects, left over from phase transitions in the Early Uni- 
verse, or Relic particles, can break down spontaneously. In the subsequent hadro- 
nisation plenty of high energy tt^ with a subsequent decay into 7’s are expected. 
No compelling evidence for ’top-down’ processes has been found up to now. 



4 Basic Detection Principles for Ground-Based 
7 - Astronomy 

In the energy range between a few KeV and a few GeV the earth atmosphere 
is completely intransparent for 7-rays and observations must be carried out by 
high flying balloon borne or satellite borne detectors. In general, the detection 
by these instruments is direct, i.e., the 7s are directly observed in the detector, 
for example by a fine grain, high Z scintillation calorimeter. An anticoincidence 
shield rejects efficiently the many orders of magnitude larger hadronic backgro- 
und. A low density tracker in front of the calorimeter allows one to determine 
the initial direction in case the initial 7 is converted into an e-he- pair. 

In general the 7 flux of known sources drops as function of energy as steep 
as or steeper than the general CR flux. Flux drops in the order of one to three 
orders of magnitude per decade in energy are quite normal. As a consequence 
detectors can in general only be optimised for at most three decades in energy. 
The VHE 7 flux is so low that it is impossible to detect these 7s by satellite 
detectors of realistic size. The observation requires large detection areas of a 
few lO^m^ and has therefore to be carried out by ground-based instruments. 
In contrast to satellite borne instruments the detection is indirect. Energetic 7s 
(as well as charged CRs) initiate in the atmosphere showers which can be stu- 
died from ground. Depending on its nature the initial particle interacts either 
hadronically or electromagnetically with nuclei in the upper layer of the atmos- 
phere and produces secondary particles with lower energy. The showers proceed 
by an avalanche like multiplication process. A competing low loss process - the 
energy loss by ionisation - ’bleeds’ away energy of charged particles. The par- 
ticle multiplication continues until the energy of the secondary particles drops 
to such low levels that either inelastic hadronic interactions stop or the losses by 
bremsstrahlung or pair creation in the electromagnetic component of the sho- 
wer are below the ionisation loss by electrons. Then the shower ’dies out’. The 
shower is basically aligned along the primary direction. Transverse widening of 
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a shower is mainly driven by the transverse momentum kick in case of hadronic 
interactions or by multiple scattering in electromagnetic showers (with a small 
additional effect caused by the earth magnetic field) . In each hadronic interaction 
about one third of the energy is transferred to tt^s which decay nearly instan- 
taneously into 2 7 s. As the photoproduction cross section is very low compared 
to the electromagnetic cross section, these 7 s initiate predominantly electroma- 
gnetic subshowers. As a consequence even hadron-induced showers are at their 
tail dominated largely by electromagnetic particles. Charged secondary particles 
loose a tiny fraction of their energy by Cherenkov radiation (if above Cheren- 
kov threshold) or by exciting Nitrogen molecules which de-excite by emission 
of fiuorescence light. Adequate instruments can detect this light because the 
atmosphere is transparent above 300 nm wavelength, i.e., above the Ozone 
cut-off. 

The atmosphere, when combined with a suitable detector forms basically a 
fully active calorimetric device. Air mass 1 corresponds to 11 hadronic absorption 
length and 23 radiation length. Decay processes in hadronic air showers can play 
an important role. Due to the low density of the atmosphere the interaction 
length of secondary mesons can be rather long, i.e., quite often similarly to their 
decay length. The decay products, mainly muons and neutrinos, do not interact 
with the atmosphere (except some ionisation loss by muons) and ’transport 
away’ a significant fraction of the initial energy. Therefore same energy initial 
hadrons deposit significantly less energy in the atmosphere. On the other hand 
the muons normally penetrate down to ground and can be detected by suitable 
detectors and can thus provide in principle a powerful tool for 7//1 separation. 
Unfortunately the flux of muons from initial particles below a few TeV is low 
and muons are spread over a large area on ground such that suitable detectors 
would be extremely expensive. 

We are mainly interested in the detection of VHE 7 s. At these energies the 
showers stop normally high up in the atmosphere and only few secondary par- 
ticles reach ground and are spread over a large area. Therefore experiments 
searching for 7 -induced air showers by means of detecting shower tail particles 
have to be installed at high altitudes and need large active area coverage. Exam- 
ples are the Milagro detector [19], the Tibet AS experiment [ 20 ] or the nearby 
ARGO detector under installation [ 21 ]. The advantages of these detectors are 
that they have a large angular acceptance (typically 1 sterad but with a strong 
zenith angle dependence) and a 24 hour up-time. Disadvantages are the poor 
angular resolution close to threshold, a threshold well above 1 TeV and very 
modest ^jh separation. In the past many groups used this detection principle 
for the search for 7 sources but no ’first’ detection of a source could be achieved. 

As pointed out, the faint fluorescent or Cherenkov light generated by the 
showers might be used for air shower detection and, in turn, for cosmic ray 
studies. About a fraction of 10 ~^ of the total shower energy is converted into 
fluorescence light. The emission is isotropic and showers can be observed from all 
directions, even from space. The method is only useful for the study of ultrahigh 
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energy Cosmic Rays above 10^^ eV because of the low fluorescence light yield 
and isotropic emission. 




Fig. 4. Examples of the radial Cherenkov light distribution in an electromagnetic and 
a hadronic air shower (Monte Carlo simulation). 



About a fraction of of the initial shower energy is converted into Cheren- 
kov light. The observation of Cherenkov light as a method to detect air showers 
was already proposed by Jelley [22] in the late Fifties of the last century but 
it took considerable time to develop the technology to today’s power. Depen- 
ding on the altitude the Cherenkov emission angle for ( 3=1 particles varies 
between 0.4° at 15 km to 1.4° at sea level, i.e. the light propagates nearly along 
the path of the shower particles. The Cherenkov spectrum is affected by the 
atmospheric properties, such as the Ozone induced transmission cut-off around 
300 nm, Rayleigh scattering (well predictable) and Mie scattering, which can be 
highly variable. The majority of relativistic particles in a shower is concentrated 
in the shower core (a few mtr in diameter in case of electromagnetic showers) 
and propagates along the initial direction. Due to the small Cherenkov emission 
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angle the Cherenkov light illuminates at, say, 2200 m altitude a disk of 130 m 
radius. Outside this disk only light from the shower halo particles can be detec- 
ted. Figure 4 shows the typical radial light distribution for an electromagnetic 
and a hadronic shower. Any suitable light detector placed inside the light pool 
can be used for the shower observation, i.e., such an instrument has at zenith 
position a detection area of around 50 000 m^. At large zenith angles the light 
pool diameter is increased while the photon flux drops faster than 1/area due to 
increased Rayleigh and Mie scattering losses. The detection threshold increases 
eventually to quite high values close to the horizon (in first order the threshold 
of an lACT rises proportionally to l/(cos0)^-^. 

In general, Cherenkov detectors can only be operated during clear dark 
nights. The night sky light background (star light, ionospheric fluorescence, oc- 
casionally aurora borealis, man made light background..) is setting a lower limit 
on shower detection. The typical averaged night sky background from dark areas 
of the night sky outside the galactic plane is around 2 • 10^^ photons/m^ sterad 
sec between 300 and 550 nm [23]. Next generation large area telescopes will re- 
solve much more the structure of the ’diffuse’ night sky background light and 
images of individual stars will become increasingly a problem. Cherenkov light 
emission is prompt. Due to the small change of the atmospheric refractive index 
and some geometry effects the Cherenkov light flash observed on ground is only 
1-3 nsec wide with some late arriving photons from particles undergoing large 
multiple scatterings. Light flashes from hadronic showers are slightly wider in 
time with a more pronounced tail of late arriving photons. 

From the short light flash follows that a good telescope should have the potential 
to resolve time structures on the nsec level and to minimise recording times in 
order to suppress the steady night sky background light. 

A measurement of the Cherenkov light is in first order a good measurement 
of the incident energy. Figure 5 shows a correlation between the number of Che- 
renkov photons (in an area of 50 000 m^, and for vertical incidence particles) and 
the energy of the incident particle and its chemical nature [24] . Good proportio- 
nality is observed for incident photons above 10 GeV while for different hadrons 
the correlation between energy and number of photons is highly nonlinear below 
1 TeV. Below 100 GeV charged cosmic rays produce nearly no Cherenkov light. 

Over the past decades the detection methods for Cherenkov light have been 
more and more refined. The typical detector, called imaging air Cherenkov teles- 
cope (lACT), consists of a large diameter telescope and a fine pixelised, fast pho- 
tomultiplier (PMT) camera in the focal plane. The telescope is pointed towards 
a potential source and tracks it during the observation time. The optical requi- 
rements for lACT’s are much less demanding than that for optical astronomy. 
The main mirror is composed of many small elements arranged on a spherical or 
parabolic profile. The typical point spread function of the focal point is around 
0.3 — 0.05°. Current telescopes have a field of view (FOV) of 3-5° diameter in 
order to contain most of the shower images and 100-1000 pixels of a few tenth 
of degree diameter each. The breakthrough in y-astronomy came with the in- 
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Cherenkov Photon Density at 2200 m a,s.l. 




Fig. 5. Correlation between the number of Cherenkov photons/m^ (300-550 nm) and 
the incident energy. Parameter: incident particle type. 



troduction of efficient methods for ^/h separation by analysis of the Cherenkov 
light image recorded in the telescope’s focal plane camera. 

In an lACT one observes a rather compressed and complex Cherenkov light 
image of the shower. Figure 6 shows simplified examples of an electromagnetic 
and a hadronic shower and their ’images’. The Cherenkov images of the showers 
refiect to a certain extend the difference in longitudinal and transversal shower 
structure. Hadronic shower images are in general slightly wider and less concen- 
trated than that of 7 s. When searching for 7 s from a point source to be aligned 
with the telescope the principal shower axis should point to the center of the 
camera while the direction of hadronic showers should be random. Experimen- 
ters have developed a series of image classifying parameters (Width, Length, 
Concentration, Miss, Alpha etc.) that allow one to select 7 candidates against 
hadronic showers. Modern lACTs have well above threshold a hadron suppres- 
sion in the order of 100-1000 with modest losses of 7 candidates. The single 
telescope approach has two deficiencies: (a) only one ’projected’ Cherenkov light 
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Fig. 6. Examples of a 7 induced and a hadron induced air shower seen by an I ACT 
(simplified, shower images in the enlarged FOV side flipped). 



image will be recorded and (b) the impact parameter of the shower axis is not 
too well determined. The ^/h separation can be improved by observing a shower 
by 50-200 m spaced telescopes recording images from different directions and 
angles. So-called stereo systems allow one to improve the angular and energy 
resolution by 1.5 and the hadron suppression by 2-4, albeit with a large in- 
crease in costs. The most powerful stereosystem up to 2002 was operated by the 
HEGRA collaboration [26]. 

5 The New Instruments for the Coming Years 

Currently, a number of new I ACT projects for VHE 7 astronomy are pursued 
worldwide. The new telescopes should result in a quantum jump in sensitivity 
and have a significantly lower threshold energy compared to contemporary in- 
struments, i.e., well below 100 GeV. As pointed out in previous chapters the 
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prospects to observe distant sources increases dramatically as the threshold is 
reduced. At around 10-30 GeV the universe becomes basically transparent and 
one should be able to see 7 emitting objects as far as a redshift of > 3, i.e. up 
to a time where star/galaxy formation has been particularly strong. 

Two quite different directions are followed for the new instruments: a) the ex- 
ploitation of readily available solar power plants based on a multitude of tracking 
mirrors focussing the light onto a receiver mounted on a tower and b) the deve- 
lopment of dedicated large telescopes. For the former approach basically only the 
camera has to be build which replaces normally the central heliostat receiver du- 
ring night-time. On one hand Cherenkov telescopes based on solar power plants 
have total mirror areas of up to a few thousand square meters while on the other 
hand these plants are were not designed at optimal altitude, have limited angular 
range and non-optimal optics. In most cases the individual heliostat mirrors of 
typically 40-50 m^ area are focussed onto one PMT each, which measures both 
the arrival time of the Cherenkov light front as well as the local intensity, i. e, 
one samples the Cherenkov light disc at many different positions. This concept 
lacks the powerful image analysis of the classical air Cherenkov telescopes and 
has therefore a very limited y/Zi separation. Search for sources is done by the 
classical ON source/ OFF-source counting mode. Atmospheric changes or bright 
stars in the FOV can often make the analysis very difficult. Up to now only the 
strongest sources could be observed with sufficient statistics. 

Currently three instruments take data or are under construction, CELESTE 
[27], STACEE [28] and SOLAR I [30]. 

Other groups pursue the construction of dedicated lACTS with mirrors of at 
least 10 m diameter and fine pixelised cameras of 4 — 5° FOV. Table 2 lists the 
main parameters and references of these projects, two on the northern and two 
on the southern hemisphere (these being at present more advanced in construc- 
tion). In three projects a cluster of telescopes is planned right from the start-up 
allowing either for stereo observations or the parallel observation of more than 
one source while in the forth project at first many new technologies are exploited 
with an ultralarge mirror and the extension to a multi-telescope observatory will 
follow later. As mentioned above, the stereo systems have a higher sensitivity 
and a somewhat lower threshold compared to a single telescope of the same 
type. The sensitivity increases by about (1.2 — lA)y/N\ A being the number of 
telescopes. The price of a stereo-system increases in first order linearly with the 
number of telescopes. 

The new projects will allow to close the gap between satellite borne instru- 
ments and previous ground-based telescopes. In 2006 it is planned to launch a 
new satellite detector, CLAST [34] , with a performance exceeding the previously 
best satellite borne detector, EGRET, by ~ 100 in sensitivity, much better an- 
gular resolution and an increased upper detection threshold of 300 GeV. Figure 
7 shows a predicted sensitivity curve of a few running instruments and the new 
generation detectors to start operation in 2003. It is expected that in the near 
future the new detectors for VHE 7 astronomy will produce a plethora of new 
discoveries. One expects to detect a few hundreds of new sources. 
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Table 2. Parameters of the New Projects. 



Experiment, location 


# and/or 0 of Mirrors 


Threshold 


Ref. 


CANGAROO III, Australia 


4 X 10 m 0 


^ 100 GeV 


[30] 


HESS, Namibia 


4 X 12 m 0 


60 GeV 


[31] 


MAGIC, Spain 


17 m 0 


30 - 15 GeV 


[32] 


VERITAS, USA 


7 X 10 m 0 


80 GeV 


[33] 
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Fig. 7. Sensitivity as function of energy for some current and future 7 detectors. Also 
shown is the flux curve of the Crab nebula [33]. 
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Observations of Gamma Ray Bursts 
with BeppoSAX 
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Abstract. In this review paper I will summarize some of the relevant results obtained 
with the Italian satellite BeppoSAX on the prompt and afterglow emission of Gamma 
Ray Bursts (GRBs). I will also discuss the most relevant open issues on GRBs. 



1 Six Years of X-ray Observations 
of GRBs With BeppoSAX 

After about 30 years of mystery, the distance scale issue of Gamma Ray Bursts 
(GRBs) has been definitely settled thanks to the X-ray astronomy mission Bep- 
poSAX^ an Italian satellite with Dutch participation [7]. BeppoSAX not only has 
permitted this issue to be resolved but has also provided most of the exciting 
results of the last seven years in GRB astronomy. The satellite (see Fig. 1), 
launched on 1996 April 30, was switched off on April 29, 2002, after 6 years of 
operational life. The high performance of BeppoSAX for GRB studies was due 
to a particularly well-matched configuration of its payload, with both wide field 
instruments (WFIs) and narrow field telescopes (NFTs). The WFIs comprised a 
7 ~ray (40-700 keV) all-sky monitor (Gamma- Ray Burst Monitor, GRBM [18]) 
and two Wide Field Cameras (WFCs, 2—28 keV, [30]). The NFTs included four 
focusing X-ray (0.1-10 keV) telescopes (one LEGS [39] and three MEGS [8]) and 
two higher energy direct-viewing detectors (HPGSPC [35] and PDS [18]). 

After the exciting results obtained on GRBs in 1997 (e.g., Costa et al. [11], 
Frontera et al. [19], Metzger et al. [37], Piro et al. [43], Feroci et al. [15], Dal Fl- 
ume et al. [12]), many other GRB events were discovered with BeppoSAX during 
its operational life: 1082 events were detected with the GRBM (catalog in pre- 
paration), 669 of them (corresponding to 62%) were recognized by the on-board 
logic and 413 (corresponding to 38%) were identified with the ground software. 
Light curves with high time resolution (up to 0.5 ms) are available only for the 
GRBs identified by the on-board logic, while for the other ones, only 1 s rateme- 
ters are available. Of the 1082 events, 168 (corresponding to ~ 16%) are short 
(<2 s) GRBs, 141 of which recognized by the on-board logic. The most outstan- 
ding results were obtained from the 51 GRBs which were simultaneously detected 
with the GRBM and WFCs, 37 of which were followed-up with the BeppoSAX 
NFTs. Gamma-ray fluence of these GRBs ranges from 1.9 x lO-"^ erg cm“^ down 
to 2.5 X 10“^ erg cm~^, while their duration is longer than 2 s (’long GRBs’). 
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X-ray afterglows were discovered in ~ 90% of the followed-on GRBs. However 
only ~ 50% of the followed-up GRBs are detected in the optical band and ~ 40% 
in the radio band. This lower rates raise the question about the origin of the 
so called ’dark’ GRBs (i.e., GRBs with no optical counterparts). Likely some 
of them have origin in stellar formation regions with high mass densities, which 
likely absorb the ultraviolet radiation (in the rest frame of the GRB source). 
However, many of the dark GRBs could have origin in galaxies at very high 
redshifts (>5). In these cases the darkness is due to the absorption of the optical 
radiation by the intergalactic hydrogen. 




Fig. 1. Artistic view of the BeppoSAX satellite. 
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2 Some Highlight Results 

1 will summarize here some of the most relevant results on GRBs obtained with 
BeppoSAX. They concern both the prompt GRB phenomenon, the afterglow 
emission and the GRB environment. 

2.1 Prompt Emission Spectra 

Thanks to the broad energy band (2-700 keV) covered by WFCs plus GRBM, 
BeppoSAX has allowed un unbiased determination of the prompt emission spec- 
tra. We found [2] that most of the time averaged spectra are well fit, down to 

2 keV, with a smoothly broken power-law proposed by Band et al. [6]. In the 
remaining cases a simple power-law fits the data. In many cases 70%) an 
optically thin synchrotron shock model (OTSSM) [51] fits the data. A confirma- 
tion of this result comes from the recent polarization measurement of the prompt 
emission from GRB021206 [10]. 

A more constraining test of the emission mechanism is the study of the 
spectral evolution of the GRB prompt emission. This study has been performed 
for almost all GRBs detected with the BeppoSAX GRBM and WFCs. Results of 
this analysis can be found in Frontera et al. [20] for a sample of GRBs occurred 
until 25 April 1998, and in Frontera et al. [24] for the entire population of GRBs 
detected with both GRBM and WFCs. This investigation shows that there is a 
general evolution of the spectra, from hard to soft, except for the most intense 
events, whose hardness either mimics the GRB time profile (e.g., GRB990123) 
or does not evolve with time (e.g., GRB011121) [24]. An outstanding example 
of the hard-to-soft spectral evolution is given in Fig. 2, which shows the EF{E) 
spectra of GRB970111 in the 10 contiguous time intervals (from A to J) in which 
we subdivided the GRB time profile. As it can be seen, the fit with an OTSSM 
is acceptable for the almost the entire duration, except at early times. This 
property has been found in several GRBs and shows that at early times some 
other emission mechanism (likely Inverse Compton, as discussed by Frontera et 
al. [20]) is at work. 

2.2 Afterglow Spectra 

In general, the late afterglow spectra, at least in the time interval during 
which the X-ray observations are possible, are consistent with a power law 
{I{E) oc E~^) with a photon index E distributed according to a Gaussian 
function with mean value Em = 1.93 and standard deviation <j = 0.35 [22]. The 
emission mechanism is likely synchrotron radiation at least in some cases (e.g., 
GRB970508, see Fig. 3), but in other cases a synchrotron self Compton mecha- 
nism appears to be at work (e.g., GRB000926, see Fig. 4). In this mechanism 
X-ray photons are produced by scattering of low energy photons off relativistic 
electrons, which however produce the low energy photons for synchrotron. This 
mechanism implies a medium denser than a typical interstellar medium in the 
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GRB970111 




Energy (keV) 

Fig. 2. EF{E) spectrum of the GRB970111 prompt emission in the 10 contiguous 
time intervals (from A to J) in which the GRB time profile was subdivided. The GRB 
time duration in gamma-rays is 47 s. The time intervals have durations of 3 s for A, 
B, C, E, and G intervals, 4 s for H and I, 5 s for F, 6 s for D, and 13 s for the last (J). 
The dashed line shows the maximum spectral slope which can be expected, below the 
energy peak, in the case of the OTSSM (see text). The continuous line shows the best 
fit with a Band function. (Reprinted from Frontera et al. [20]). 
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X-ray production region. In the case of GRB000926, the inferred mass density is 
about 30 cm“^. As can be seen from the above figures, multiwavelength spectra, 
from the radio to X-rays, are crucial to establish the emission mechanisms at 
work. 

Recently also thermal models have been found to better fit the X-ray af- 
terglow spectra of a few GRBs observed with the XMM-Newton and Chandra 
X-ray satellites: GRB001025A [54], GRB011211[46, 47], and GRB020813 [9]. In 
these cases an emitting plasma in collisional ionization equilibrium gives the best 
description of the data. 




Fig. 3. Afterglow spectrum of GRB 970508 (1 /xJy — 10 erg cm ^ s ^ Hz ^). 
(Reprinted from Galama et al. [26]). 



2.3 Fading Law of the Afterglow Emission and Its Geometry 

In general, in the time intervals in which the X-ray observations have been 
possible, we find a consistency of the fading law of the X-ray afterglow emission 
with a single power-law {F{t) oc with distribution of the power-law index 
(5 consistent with a Gaussian with centroid 5m = 1*33 and standard deviation 
cr- 0.33 [22]. 

However, specially in the optical band, breaks in the afterglow light curves 
of several GRBs have been observed [17]. These breaks, in some cases, are also 
visible in the the X-ray data, if the tail of the prompt X-ray emission is assumed 
to already be X-ray afterglow emission (e.g., GRB010222, Fig. 5). In fact this 
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Fig. 4. Afterglow spectrum of GRB000926. The fit with synchrotron plus Inverse 
Compton model is shown. (Reprinted from Harrison et al. [28]). 



assumption has been demonstrated to be true by Frontera et al. [20] , who found 
a correlation between X-ray fluence of the tail of the prompt emission and that 
of the late afterglow. The fading breaks and their time of occurrence, within the 
statistical uncertainties, appear to be independent of the photon energies. 

The interpretation of these achromatic breaks has been discussed by various 
authors. In the framework of the fireball model, a break is expected to occur if the 
relativistically expanding material is concentrated within a cone with angular 
width As long as the Lorentz factor 7 of the ouflowing material is larger 
than 1 /^C 7 due to relativistic beaming, the radiation is emitted within an angle 

= 1/7 from the cone axis, with ^5 < Oc- When 7 drops below l/^c, the 
observer begins to see the edge of the cone and then the effect of the collimated 
outflow: a light curve steepening. At the same time, the jet begins to expand 
sideways, the ejecta encounter more surrounding material and then decelerate 
faster than in the spherical case. That increases even more the rate of decrease 
of the emitted radiation. This model has been discussed and detailed in various 
external conditions by several authors (e.g., [48, 49]). 

Assuming a jet geometry, the break time distribution corresponds to the 
distribution in the jet opening angles. This would help in reducing the dramatic 
GRB energetic problem. Indeed, while the released gamma-ray energy Eiso{l) 
obtained assuming isotropy, ranges from 5 x 10^^ to 3 x 10^^ ergs (e.g., [3]), 
the released energy in the case of a jet with opening angle Oc would be a 
factor 2 /^^ lower. Assuming a jet geometry and a uniform distribution of the 
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Fig. 5. X-ray light curve of the GRB010222 afterglow, compared with that observed 
in the optical band. Diamonds and upper limit denote the fluxes of the prompt X-ray 
emission. (Reprinted from in’t Zand et al. [60]). 



energy within the jet, from the available data, Frail et al. [17] found that the 
distribution of the released energy per GRB is centered at 5 x 10^^ erg, a value 
almost compatible with the energy released in a supernova explosion. 

From the time behaviour of the X-ray afterglow light curves, we can infer 
only a lower limit to the jet angle. This is a few degrees, which is consistent with 
the lowest opening angles derived by Frail et al. [17]. A stronger constraint on 
the opening angle is now found by the polarization measurement of GRB021206: 
about 0.4 degrees [10]. 

2.4 The Ep vs. E^ad Relationship 

An investigation devoted to search out correlations between parameters derived 
from the redshift-corrected energy spectra of GRBs with known redshift has 
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permitted us to discover [3] a power-law relation (see Fig. 6) between intrinsic 
peak energy Ep of the vF{v) spectra and isotropic electromagnetic energy Erad 
released in the GRB event: 



Ep oc E^^^ 



0.52dz0.06 



( 1 ) 



The relation is now confirmed [4] by more BeppoSAX and HETE-2 results (see 
Fig. 7). It puts strong constraints to the GRB emission models: independently 
of the radiation pattern geometry, the Ep vs. Erad relation has to be satisfied. 
The optically thin synchrotron shock model expects a similar relation, but only 
with too simplified assumptions, like the same duration of all GRBs [34]. A 
discussion on the possible interpretations of the above relation is given by Zhang 
and Meszaros [58] within the internal and external shock scenario. 




Fig. 6. Peak energy Ep of the redshift-corrected energy EF{E) spectra of GRBs with 
known redshift as a function of the isotropic gamma— ray energy released during prompt 
emission. (Reprinted from Amati et al. [3]). 



2.5 The GRB Environment 

Two main probes of the GRB environment are offered by the X-ray data: detec- 
tion of low energy cutoffs in the GRB continuum spectra of the prompt and/or 
afterglow emission, detection of emission and/or absorption spectral features. 
Both these probes not only give information on the circumburst environment, 
but are an important tool to unveil the nature of the GRB progenitors. Indeed 
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Fig. 7. Confirmation of the peak energy Ep vs. Erad relationship with more data 
points taken from BeppoSAX and HETE-2 results. (Reprinted from Amati [4]). 



we expect to find a dense, star- forming medium in the case of collapse of a mas- 
sive star (hypernova model, [56]), and a low density interstellar medium in the 
case of coalescence of a binary system such as two neutron stars or a neutron 
star and a black hole [14, 38]. I summarize here the status of the observations. 



Absorption Cutoff in the Continuum Spectra. 



Significantly high hydrogen column densities Ah with starting values up to ~ 
10^^ cm~^ and decreasing behaviour with time, have been discovered in the 
prompt emission of two GRBs: GRB980329 [20] and GRB000508 [25]. Variable 
Ah has also been found from GRB010214 [27] and in the case of GRB990705 [1], 
from which also a transient absorption feature has been discovered (see below). 
The time behaviour of Nn in the case of GRB030329 is shown in Fig. 8 along 
with the expected values on the basis of the model worked out by Lazzati and 
Perna [32] . According to this model, the Ah time profile can be explained if the 
GRB occurs in overdense regions similar to the cocoon of star formation within 
molecular clouds or to Bok globules. 

Also in the case of the X-ray afterglow emission, evidence of a hydrogen 
column density higher than that Galactic one, has been found from GRB980329 
[59], GRB980707 [53] and GRB011222 [60]. For GRB980329, the result found by 
[59] is however not confirmed by [13]. 
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Fig. 8. Time behavior of the hydrogen-equivalent column density Nh during the 
prompt emission of GRB980329. The observational data are taken from the paper 
by Frontera et al. [20], while the continuous line shows the expectations of the model 
by Lazzati Sz Perna [32] (see text). (Reprinted from Lazzati & Perna [32]). 



X-ray Emission Lines. 



Evidence of X-ray emission features has been found in the afterglow spec- 
tra of 8 GRBs (see Table 1). The lines found with BeppoSAX concern 2 
GRBs (970508, 000214), those found with Chandra concern GRB991216 and 
GRB020813, while those found with XMM-Newton concern GRB001025A, 
GRB011211 and GRB030227. A line from GRB970828 was detected with the 
Japanese X-ray satellite ASCA. It is important to point out that the signifi- 
cance of all these lines is only at the level of 3cr or a bit more, and that in half 
of the cases the lines are visible only for a limited time interval. In particular 
the feature at 3.5 keV from GRB970508 is visible only during the first part (10 
hrs) of the follow-up observation of this burst [43], that from GRB970828 is 
observed for ~ 5.5 hrs during a flare activity of the GRB afterglow [57], those 
from GRB011211 are visible only during the first 5000 s of the GRB afterglow 
observation which started 11 hrs after the main event [47], while the lines from 
GRB030227 are visible only since 20 hrs after the GRB [55]. 
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Table 1. Emission lines detected in the GRB X-ray afterglows. 



GRB 


Measured line energies 


Identification 


Rest frame energies’’ 


Ref. 




(keV) 




(keV) 




970508 


3.4 ±0.3 


Fe I -XX Ka 


6.24 ±0.55 


[44] 


970828 


5.041°;^? 


Fe XXVI re^ 


9.86l«;l® 


[57] 


991216 


3.49 ± 0.06 


Fe XXVI 


3.49 ± 0.06 


[45] 




4.4 ±0.5 


Fe XXVI re^ 


8.9 ± 1.0 




000214 


4.7 ±0.2 


Fe i-xxvi 


6.4-6.97 


[5] 


001025A 


0.801°:°^ 


Mg XII 


[1.46] 


[54] 




l-16lo.05 


Si XIV 


[2.01] 






i-64iS;S7 


S XVI 


[2.62] 






2-2iS;} 


Ar XVIII 


[3.32] 






4 7+0.8 
' -0.4 


Ni XXVIII 


[8.10] 




011211 


0.44 ± 0.04 


Mg xi Ka 


1.38 ±0.10 


[47] 




0.71 ± 0.02 


Si xiv Ka 


2.22 ± 0.06 






0.88 ± 0.02 


S xvi Ka 


2.78 ± 0.05 






1.22 ±0.03 


Ar xviii Ka 


3.83 ± 0.08 






1.46 ±0.07 


Ca XX Ka 


4.6 ± 0.2 




020813 


1.31 ±0.01 


S XV 


[2.45] 


[9] 


030227 


0.62j;0;°3 


Mg XII 


[1.46] 


[55] 




0.86l°;°| 


Si XIV 


[1.99] 






111 +0.02 
-‘^•-‘^-‘--0.02 


S XVI 


[2.60] 






1 ok+0.04 

X.OU_Q Q3 


Ar XVIII 


[3.30] 






1 <^^^+0.04 

1-66Io.o4 


Ca XX 


[4.07] 





^ Recombination edge. 

^ Values in [ ] are the fluorescence energies in the rest frame of the element. 



Taking into account that four of the GRBs with emission lines have host ga- 
laxies with known redshifts (0.835 for GRB970508, 0.9578 for GRB970828, 1.02 
for GRB991216 and 2.14 for GRB011211), the line features of the first 3 events, 
as shown in Table 1, are consistent with Fe fiuorescence lines or recombination 
edges, while those from GRB011211 are consistent with blue-shifted (by ~ 0.1c) 
fiuorescence lines of light metals. Similar blue-shifts have also been inferred for 
the outflowing material associated with GRB020813 [9] and GRB001025A [54]. 
Also in the case of GRB991216, outfiowing velocities of ~ 0.1c have been in- 
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ferred from the Fe line width [45]. These velocities are those expected for the 
material ejected by a supernova exploded a few months before the GRB event. 
Independently of the specific identification, all the detected lines point to the 
presence of ionized metals at the time of the afterglow measurements, with the 
ionizing radiation likely being due to the GRB power output. The amount of 
Iron needed to justify the observed lines mainly depends on the density of the 
scattering cloud and on its distance from the GRB site. It could range from a 
sizable fraction of a solar mass according to Vietri et al. [52] to a much smaller 
amount 10“^ Mq) in the scenario proposed by Meszaros and Rees [36]. The 
relative metal abundance (with respect to the solar) inferred for the lines is very 
large: about 10 in the case of the light metals (e.g. [9]), even higher than 60 in 
the case of Iron (e.g., [45]). Thus X-ray lines rule out the NS merger models and 
strongly point to an environment typical of a young supernova explosion. 



Transient Absorption Features in the Prompt Emission. 

Evidence of transient absorption features in the prompt emission has been found 
for two events: GRB990705 [1] and GRB011211 [23]. In the case of GRB990705, 
an absorption line feature at 3.8 keV is apparent during the rise time of the 
burst, but it fades thereafter (see Fig. 9). Also in the case of GRB011211 an 
absorption feature at 6.9 keV is visible during the rise of the burst, but not 
later. 

The absorption feature from GRB990705, interpreted by Amati et al. [1] as 
a cosmologically redshifted K edge due to neutral Fe around the GRB location 
(see Fig. 10) implies a GRB redshift of 0.86 ± 0.17. This value was later con- 
firmed by the optical redshift {zopt = 0.84) of the associated host galaxy [33]. 
With this assumption, the Iron relative abundance with respect to the solar one 
is Fe/Fe^ = 75 it 19, which is typical of a supernova explosion environment. 
An alternative explanation of the feature was given by Lazzati et al. [31], who 
assume that the feature is an absorption line due to resonant scattering of GRB 
photons on H-like Iron (transition ls-2p, Brest = 6.927 keV). Also in this case 
the redshift derived is still consistent with that of the host galaxy and the line 
width is interpreted as due to the outfiow velocity dispersion (up to ~ 0.1c) of 
the material. The Fe relative abundance inferred is of ~ 10 with respect to the 
solar one. Thus, in both scenarios, the observed feature point to the presence of 
an iron-rich environment. 

In the case of the transient line feature from GRB011211, the scenario is much 
more complex. Given that the redshift of the GRB optical counterpart is known 
{z = 2.14), even if the line feature is interpreted as due to resonant scattering of 
GRB photons off H-like Ni XXVIII (rest frame energy of 8.1 keV), the measured 
line energy implies a very high blue-shift (by 0.75c) of the absorbing material. 
A possible intepretation of the feature is discussed by Frontera et al. [23]. 

What can be inferred from the observed X-ray lines? They imply a high den- 
sity medium surrounding the GRB, an overabundance of metals, a high velocity 
outfiow of the X-ray absorption plasma (up to 0.7c). In order to produce the ob- 
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Fig. 9. The evolution of the GRB990705 photon spectrum with time. An absorption 
feature is visible only in the first two intervals (duration 13 s), while the GRB has a 
duration of 40 s. (Reprinted from Prontera et al. [21]). 
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Fig. 10. The deconvolved spectrum of GRB990705 during the first 13 s when an 
absorption feature is detected. The model assumed is a K edge absorption feature due 
to neutral Iron. (Reprinted from Amati et al. [1]). 

served synthesized nuclei, likely the SN explodes first, with variable time delay 
between SN and GRB, depending on the specific event. 



2.6 GRB-SN Connection 

The conclusions of the last two sections strongly point to a connection between 
supernovae and GRBs. The most direct evidence of this connection has been 
recently obtained in the case of GRB030329/SN2003dh [50, 29]: nine days after 
the burst the optical afterglow spectrum of GRB030329 appears (see Fig. 11) to 
be the superposition of a power-law continuum plus a spectrum consistent with 
that observed from Type Ic supernova SN1998bw, which was associated with 
GRB980425 [40] on the basis of a positional and temporal coincidence. 

Thus the GRB030329/SN2003dh connection has shed light also on the 
GRB980425/SN1998bw connection issue (see, e.g., [41] and references therein). 
On the basis of the results on GRB030329, also the connection of GRB980425 
with SN1998bw appears strongly enforced. Also the recent XMM-Newton ob- 
servation of SN1998bw enforce such connection. Indeed, combining the XMM- 
Newton data with the BeppoSAX data, the X-ray light curve of 
GRB980425/SN1998bw appears to be the superposition of two components, the 
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Fig. 11. The optical spectrum of GRB030329 9 days after the main event. It appears 
to be the superposition of a power-law spectrum plus the spectrum of the type Ic 
supernova SN1998bw, which was associated with the BeppoSAX burst GRB980425. 
(Reprinted from Stanek et al. [50]). 



GRB afterglow continuum emission plus the emission from a peculiar type Ic 
supernova [42]. 



3 Open issues and prospects 

In spite of the big step forward accomplished in the last 7 years after the disco- 
very of the first X-ray afterglows, many questions about the GRB phenomenon 
are still open, which can only be answered with further X— ray observations. A 
thorough discussion of the open issues can be found elsewhere [22]. I list here 
some of the most relevant: a) the emission mechanism of the prompt vs. afterglow 
radiation (e.g., synchrotron vs. multi-component models); b) the onset time of 
the afterglow and its profile at early times; c) accurate measurement of the late 
afterglow light curve with determination of the (single vs. multiple) breaks in 
the power-law behaviour, and deviations from a power-law behaviour for search 
of an associated supernova; d) the properties of the ambient medium through a 
deep search of transient X-ray absorption features (lines/edges) and/or absorp- 
tion cutoffs in the prompt emission; e) the search of X-ray emission lines in the 
afterglow radiation and their time behaviour; f) the study of the polarization 
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level of the X-ray prompt and afterglow radiation; g) the search of 7 -ray energy 
prompt and afterglow emission; h) the origin of dark GRBs; i) the determination 
of the sites and nature of short GRBs (Galactic or extragalactic? a separate class 
of GRBs or long GRBs with special spectra?); j) the extended study of X-ray 
flash (XRF) properties and their origin. 

Many of these issues are expected to be settled in the coming years, mainly 
with the launch of the SWIFT satellite. But a relevant contribution is expected 
also to be given by INTEGRAL, AGILE, and GLAST satellites, and later by 
the LOBSTER experiment aboard the International Space Station. 
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The Physics Potential of AMS: 
Astrophysics and Astroparticle Physics 



Frank Raupach 

RWTH- Aachen, 1. Physikalisches Institut, D 52074 Aachen, Germany 



Abstract. The major experimental challenges for the AMS experiment are to find 
evidence for antimatter (i?e, G, ...) and dark matter. AMS will be presumably installed 
on the International Space Station ISS in 2005/2006 for a three years mission. The 
AMS detector is a true high energy particle physics apparatus with a large geometric 
acceptance (0.6 sr) and a high resolution for different kind of particles. AMS will 
be able to collect of the order of 10® nuclei of D, He, Li, Be, B and C and its isotope 
abundances over a wide range of energies. The AMS detector is based on the experience 
gained by the precursor flight of the simpler AMS-01 detector [1, 2, 3]. 



1 AMS (AMS-02): A Particle Physics Detector 

AMS is a detector with a height of about 3 m and a weight of approximately 10 
tons (see Fig. 1). 

It consists of several subdetectors. The core of the experiment is the sili- 
con (si) strip detector within the superconducting magnet (0.9 Tesla). Together 
with the 3 D-sampling electromagnetic calorimeter (ECAL) the momentum and 
energy of hadrons, and 7 ’s can be measured in a large range from 0.5 GeV to 
TeVs with an accuracy for the particle momentum of a (p) jp = 4.5 10“^ p/GeV. 
For the determination of the charge Z of the incoming particle both the si-tracker 
and the Time-of-Flight system (ToF) will be used together with the information 
gained by the magnet. The velocities of the particles are measured by the ToF 
system (for slow particles with v < 0.99) and by the Ring Image Cherenkov coun- 
ter (RICH) with a resolution of Svjv < 10"^. Particle identification is crucial for 
the physics potential of AMS. Hadron/e=^ separation up to 1.5 GeV will be deli- 
vered by the ToF and the tracker via ionization energy loss {dE Idx). For higher 
energies hadrons will be rejected first by the RICH (h rejection 10“^ — 10“^) up 
to 15 GeV and second by the Transition Radiation Detector (TRD) up to some 
hundred GeV (h rejection 10~^ — 10“^). In addition the ECAL can be used in 
the range 10 GeV - 300 GeV to reject hadrons with about 10“^. Combining TRD 
and ECAL yields a rejection power for hadrons in the order 10“^ — 10“^. For 
the identifications of 7 ’s AMS will detect high-energy photons (between a few 
GeV and a few hundreds GeV) by reconstruction of e+ e“ pairs in the tracker 
resulting from a converted photon and by measuring single photons in the ECAL 
alone. The left part of Fig. 1 shows a view of the AMS detector with all its sub- 
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Fig. 1. AMS with its subdetectors and signatures of different particles in the subde- 
tectors. 



components. The right part of the figure demonstrates from a graphic point of 
view the signatures for different kind of particles as measured by AMS. 



2 The Search for Antimatter 

The existence of large domains of antimatter in the universe is still an open 
question although nowadays there is growing experimental evidence of the non- 
existence of stars and galaxies made entirely of antimatter. 



2.1 Symmetrical Universes 

Experimental particle physics has shown the symmetry between particles and 
antiparticles, the creation of matter and antimatter occurs simultaneously. The- 
refore on the one hand it is rather unsatisfactory that cosmologies currently in 
fashion consider an universe made of matter alone. Hence several attempts exist 
to construct a matter- antimatter symmetry universe by placing antimatter do- 
mains far away from the matter ones (symmetrical universe). Unfortunately this 
approach is currently in troubles because observations do not support it. 
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The best way to show the evidence of an antistar is obviously the detection 
of antimatter with Z > 2. This will be one of the tasks of AMS. But for the 
time being no antinuclei has been observed in cosmic rays. On the other hand 
avoiding an annihilation catastrophe, matter and antimatter, if existing, should 
be separated on large scales typically some 10 Mpc [4]. New observations of the 
uniformity of the cosmic microwave background (CMB) indicate that no voids 
exist at all between matter and antimatter worlds. Hence annihilation processes 
like 



7T^ ^ J 

would be inevitable and the diffuse 7 -ray spectrum should be studied. Fig. 2 
shows the matter-antimatter annihilation spectra for two values of the size of 
matter and antimatter regions (20 Mpc and 1000 Mpc) predicted by [5] and 
comparing with data from the COMPTEL experiment [ 6 ]. 




Fig. 2. Expectations for the diffuse 7 -ray spectrum are compared to the COMPTEL 
experiment measurements. 



Obviously the domain size which agrees best with the data is large, unfortun- 
ately in the order of the observable part of the universe ruling out large domains 
of matter- antimatter regions in our universe. There are several attempts to re- 
store the picture of the symmetrical universe, see [7]. For example assuming 
isocurvature pertubation instead of adiabatic ones during galaxy formation the 
annihilation could be much weaker and here the type of a baryon symmetrical 
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universe is finally not ruled out. Many more exotic models of matter-antimatter 
domain universes exist, see e.g. [ 8 ] for further references. More data are needed! 



2.2 Baryon Asymmetry and its Origin 

It should be mentioned that currently the most promising way to solve the baryon 
asymmetry is baryon/lepton genesis with the three famous ingredients [9]: 

• Non-conservation of baryon- number (not detected!). 

• C- and CP-parity non-conservation (CP violation from elektroweak interac- 
tions is to weak to produce the observed baryon asymmetry!). 

• departure from thermal equilibrium. 

Assuming these assumptions as fulfilled a net baryon number is produced in the 
decay of heavy bosons. 

Nevertheless it seems that the numerous baryon/lepton genesis models have 
drawbacks too and are far away from being complete. Symmetric matter and 
antimatter models are more exotic but cannot be excluded completely. 

A recent rather comprehensive discussion of antimatter in cosmic rays with 
a lot of additional literature can be found in [ 10 ]. 



3 The Experimental Search for Antimatter 

The unsuccesful experimental attempts for detecting antinuclei in cosmic rays 
(CR) are on the way for more than 40 years. As mentioned above the missing 
contribution to the diffuse 7 -ray spectrum by annihilation products is the main 
argument against a baryonic symmetrical universe. But only one single anti- 
nuclei detected will give the proof that anti- worlds exist. 

Observations are very difficult. Anti- nuclei from distant sources pass through 
extragalactic magnetic fields. One needs B < 10 “^^ Gaufi for a charged particle 
come directly from 100 Mpc. Magnetic fields inside galaxies are in the /i-Gau 6 
range. Extragalactic fields are unknown, only upper limits exist: (10~^ — 10“^) 
Gaufi. On the other hand we know that magnetic lines could connect galaxies to 
each other and in addition a cancellation of fields is possible. At least particle pro- 
pagation through the intergalactic medium restricts the distance d from where 
antiparticles can reach the earth to d ^ 100 Mpc [11]. The authors from [11] 
conclude that CR do not provide an effective search method for antimatter. 
Nevertheless the experimental search will go on and should finally give all the 
answers. 

Fig. 3 shows the expected numbers for helium for AMS together with the 
observed ones from AMS -01 and the discovery region for antihelium. 

Fig. 4 summarizes the unsuccesful search in CR for He and gives the expected 
result for AMS for 3 years data taking on the ISS under the assumption that no 
He will be found. 
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AMS on ISS (search for antimatter) 




Fig. 3. Number of expected helium nuclei for AMS together with data of the AMS-01 
mission are shown. He is expected to be in the negative rigidity region. 
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Fig. 4. Limits on the ife/iLe-flux ratio from different experiments together with the 
expectation of AMS if no i?e is detected. 
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For the search of heavier anti-nuclei the best upper limit is currently given 
by AMS-01 [ 12 ] between 1 GeV and 140 GeV. 



A(-6 < Z < -2) 

A (6 > Z > 2) 



< 2.9 • 10"^ 



3.1 Indirect Search for (SUSY) Cold Dark Matter (DM) 



Old and new observations indicate that the universe may include a large amount 
of DM of unknown type. 

Non-baryonic Weakly Interacting Massive Particles (WIPMs) are candidates 
for DM. R-parity conserving SUSY models offer via the LSP (lightest SUSY 
particle, e.g. neutralino x) natural WIMP candidates and can explain at least 
partly the missing mass. 

AMS can find evidence for DM by indirect detection through the products of 
X annihilation in the galactic halo and in the galactic centre. Neutralinos are spin 
1/2 Majorana particles which can decay into fermion-antifermion pairs. Stable 
particles like neutrinos, photons, antiprotons, electrons and positrons survive. 
Antiparticle and photon signals could be detectable! The LSP is a prefered can- 
didate for DM since it has all the needed properties of a WIMP: Neutral, heavy 
and only very weakly interacting hence forming e.g. galactic halos. 

The general search strategy is to look for an additional particle contribution 
on top of CR from conventional origin. For p, J, and e+ the directionality is lost, 
a very good knowledge of the background distribution is necessary to obtain a 
reasonable signal. Gammas will point back to its origin and a signal/background 
discrimination will be possible via on/off source scans of potentially high density 
domains (galactic centre!?). 

The detectable LSP annihilation rate (flux) 



^ oc 



ml 



■ pI (^) 



is dependent on the average thermal annihilation cross section (crv) ^ , the mass 
and the DM density p^. The DM halo profile is assumed to be of t^e Navarro, 
Frank, White (NFW) [13] type as supported by numerical simulations of galaxy 
formation [14]. 



3.2 Positrons and Antiprotons 

In Fig. 5 the e+/ (e^“ + e”) ratio observed by HEAT [15] and AMS-01 [16] is 
compared to calculations based on a global fit of a Supersymmetric DM model 
to the fluxes of galactic e+,p , 7 taking into account new WMAP results [17] 
and accelerator constraints. The computed spectrum describes both the shape 
and the magnitude of the measured date. For further details see [17]. But it is 
worth mentioning that in [17] also the p data are well explained by the recent 
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Fig. 5. Positron spectrum with contributions from nuclear interactions and x annihi- 
lation [17]. 
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Fig. 7. The integrated 7 flux from the galactic centre [22]. 




Fig. 8. Expected ratio of as a function of the kinetic energy per nucleon 

compared to data [ 20 ]. 
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Fig. 9. Expected ratio oi^Hej^He as a function of the kinetic energy per nucleon 
compared to data [20]. 



calculations and that AMS will detect the p spectrum up to hundreds of GeV 
with only a few percent resolution. 

In Fig. 6 the expectation for AMS for one year data taking is compared to 
the HEAT measurements and to a special model with = 130.3 GeV based 
on calculations explained in [18] Obviously after 1 year of running AMS will 
improve the range and statistics significantly comparing with existing data. The 
most interesting region around 7 GeV will be well measured, the statistical errors 
will be 30% at 300 GeV and 1% at 50 GeV. The sensitivity to exotic fiuxes will 
be about E~^ cm~^ s~^ GeV~^. 

3.3 Gammas 

AMS will be able to detect high energy gamma rays (from few GeV to a few hun- 
dred GeV) using the ECAL alone (single 7 detection, a {9) = (lO -k 80/ ^/E^) 
mrad) and by the reaction 7 — e+ + e~ where the charged tracks are measured 
inside the magnet using the tracker (6) = (0.2 -h 6.0/E^) mrad) [20]. From 
the EGRET space telescope it is well known that the number of photons from 
the vicinity of our galactic centre cannot be explained by pure background mo- 
dels [ 21 ]. The data are still open for exotic contributions. The AMS possibilities 
to find evidence for DM are shown in Fig. 7. 

The integrated fiux has been calculated for several neutralino masses in the 
framework of the mSUGRA model [22] together with the standard NFW DM 
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Fig. 10. Expected ratio of B/C as a function of the kinetic energy per nucleon com- 
pared to data [20]. 



halo profile. It is worth to note that only models with large tan/S could be 
considered as useful for the detection. These models are favoured by recent 
WMAP data too (see [17]). 

The 95% CL was obtained by a 3cr fluctuation of the diffuse gamma ray 
background spectrum obtained by EGRET. AMS will reach a sensitivity of 
(2.0 it 0.2) 10“^ s~^ within 3 years exposure. 

3.4 CR Spectra With AMS 

AMS will collect about 10^ nuclei of D, He, Li, Be, B and C. In addition the 
precise determination of isotope abundances up to 10 — 20 GeV give information 
on more conventional astrophysics, like acceleration and propagation of CR in- 
side our galaxy. In order to demonstrate the power of AMS different ratios for 
beryllium and helium isotopes and for the ratio bor/carbon are shown in Fig. 8, 
Fig. 9 and Fig. 10 together with existing data. 
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Abstract. Cosmic ray research is at the energy forefront of astroparticle physics. 
Of particular interest are cosmic ray particles with energy > 10^° eV. At such high 
energies the flux is very low and requires the use of very large detector flelds. The 
Pierre Auger Observatory is being constructed to understand the nature and origin of 
these enigmatic particles. It will be the largest cosmic ray detector ever built, covering 
3000 square kilometres in both hemispheres in its full configuration. The first runs have 
demonstrated a very good performance of the apparatus. 



1 Introduction 

In cosmic rays we find the highest-energy particles ever observed. Of particular 
interest are cosmic ray particles with energy > 10^^ eV. At these energies the 
protons, nuclei, or photons interact with various background radiation fields 
and should be strongly attenuated except if the sources are in our cosmological 
neighborhood (< 100 Mpc). Also protons of these energies may point back to 
the source and open a new kind of astronomy with charged particles. 

Direct measurements with high precision particle identification have been 
done with balloon and satellite experiments. About 80% of the primary nucleons 
are free protons and about 70% of the rest are mostly nucleons bound in helium 
nuclei [1]. This has given valuable information on the primary particles but is 
still today limited by the flux to 10^^ eV. A solar modulation has been found up 
to a few GeV. Above that, the all-particle spectrum shown in figure 1 follows a 
non-thermal power-law spectrum, which can be described from several GeV up 
to 100 TeV by I{E) = 1. nucleons / {crn?‘ ssr GeV) ^ where E is the energy- 
per-nucleon (including rest mass energy) and a = ( 7 + 1 ) = 2 . 7 is the differential 
spectral index of the cosmic ray flux and 7 is the integral spectral index. 

The spectral index changes to a = 3.1 at about 4 • 10^^ eV. This feature 
is called the “knee” . It is widely believed that cosmic rays up to some 10^® eV 
are of galactic origin, driven by stochastic acceleration in supernova explosions. 
This view is supported by several observations. The power law spectrum can be 
obtained from Fermi acceleration. The energy density of cosmic rays is roughly 
equal to that of visible light {leV/cm^) and can be explained by the energy 
released in supernovae. The abundance of chemical elements reflects spallation 
processes in the interstellar medium and is consistent with a diffusion time in 
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Fig. 1. Energy spectrum of cosmic rays [6]. Note that the flux has been multiplied 
by There is an ongoing debate about the spectral shape and intensity and more 
recent spectra may be found in [7]. 



the galaxy of several million years. The gyro radius is much smaller than the 
size of the galaxy. 

The spectral index changes again to a = 2.8 around 10^^ eV. This feature is 
called the ankle. It is speculated that this may indicate the transition to a new, 
extragalactic component in cosmic rays. At such energies, particles cannot be 
confined by galactic magnetic fields anymore and the above mentioned accele- 
ration processes are not strong enough. This can be seen in a very basic picture 
in which the maximum attainable energy Emax is given by the magnetic field 
strength B, the size L of the acceleration region, the charge z of the particle and 
a typical shock wave velocity /3 by Emax — zf3BL. Possible cosmic acceleration 
sites are plotted in a “Hillas diagram” , see figure 2 [3] . This is further constrai- 
ned by synchrotron and absorption losses in the source for very high values of B 
and L, respectively. It appears that acceleration to 10^^ eV is indeed a challenge 
[ 10 ]. 

Greisen, Zatsepin and Kuzmin pointed out in 1966 that protons interact quite 
strongly with the cosmic microwave background above a threshold energy. This 
phenomenon has become known as the GZK effect [4]. The mean energy of the 
background photons is only 0.7 meV in our reference system but they appear 
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Fig. 2. Hillas plot: objects to the left of the diagonal lines cannot accelerate particles 
above the energies indicated. 



strongly blue shifted in the rest frame of a cosmic ray particle. Above 5-10^^ eV 
processes like p + 7(3iir) D(1232) — n^p'^ occur such that the original 

proton has lost energy or disintegrates. From the number density of background 
photons, 412cm“^, and the known pj cross-section one may calculate the residual 
energy as function of distance travelled. The result of a more elaborate simulation 
is shown in Figure 3 for protons of different initial energies. For heavy nuclei, 
successive disintegration by scattering on the infrared background photons is the 
dominant process, and the attenuation length is similar to that of protons. 

There are indications that the mass composition becomes lighter with in- 
creasing energy. There is no indication for gamma-ray induced events at 10^^ 
eV. Inferences based on fluctuations of the depth of showers in the atmosphere 
should be taken with care; atmospheric variations may play a role here and were 
not accounted for so far. 
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Fig. 3. Left: Proton energy as a function of travelled distance through the microwave 
background for different initial energies [8]. Right: Attenuation length of protons, iron 
nuclei and gamma rays in the microwave, infrared and radio background radiations, 
respectively [6]. 



The angular distribution of UHECR events is only known with insufficient 
statistics. At energies around 10^® eV the AGASA group reports an excess of 
events coming from the galactic plane. At the highest energies there are some 
double or multiple events within the angular resolution but much more data are 
needed before strong conclusions can be made. As an example we show in Figure 
4 a sky map of the highest-energy events recorded by the AGASA, Haverah Park 
and Volcano Ranch detectors [5]. 

1.1 Experimental Methods 

The flux of cosmic rays becomes so low above about 10^^ eV that large-area 
detector arrangements have to be used. The primary particles initiate a shower 
of secondaries typically high up in the atmosphere with a maximum occuring 
at depths of 600 — 800^/cm^. The shower disc is moving at the speed of light, 
is slightly curved and has a thickness from a few nanoseconds close the centre 
and up several microseconds further out. The principal detection methods use 
particle detectors on the ground and/or optical detection of the fluorescence light 
emitted in the air. Single detector stations are typically many square metres in 
area and should ideally be sensitive to the type of secondary, i.e. muons or 
electrons/photons. The detector spacing determines the lower energy to which 
an array is sensitive; useful values are hundreds of metres up to 1-2 kilometres. 

The Volcano Ranch experiment reported the first event with energy greater 
than 100 EeV [9]. Since then the experiments Haverah Park (UK), Yakutsk 
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Fig. 4. Sky map of 92 events above 40EeV in galactic coordinates. The symbols are: 
Squares □ AGASA, Triangles A Haverah Park, Circles o Yakutsk and Stars ~k Volcano 
Ranch. The hatched region centered around I = 120° and b = 30° is the blind spot for 
AGASA and Volcano Ranch. 



(Siberia), Fly’s Eye (Utah) and AGASA (Akeno, Japan) have reported ultra- 
high energy cosmic ray events up to 3 • 10^^ eV. It has been shown that these 
data have an energy scale error of less than 30%. Of these experiments, only 
the AGASA experiment is still running today. The Fly’s Eye pure fluorescence 
detector is replaced by the High-Resolution Fly’s Eye (HiRes), operational since 
June 1997 in monocular mode and in stereoscopic mode with two telescope 
stations since October 1999. 

The energy determination methods for ground arrays and fluorescence de- 
tectors are different and complementary. A hybrid concept like the Pierre Auger 
Observatory allows to combine the strengths of both approaches and to avoid 
the shortfalls. 

The basic method for ground arrays translates the observed particle densities 
to a lateral distribution function. The particle density at a particular distance 
from the shower core is then used as an energy estimator in a conversion relation 
specifically designed for a given experiment. In order to minimize shower-to- 
shower fluctuations, dependencies on the mass of the primary particle and on 
the hadronic interaction model entering the lateral distribution function, a good 
choice of the optimal distance is 600m, or even 1000m for the highest energies 
considered. More details and a comparison between different experiments may 
be found in the literature [6]. 

Air fluorescence detection involves a geometric track reconstruction and a 
number of corrective factors to determine the light curve: air fluorescence yield, 
direct and scattered Cherenkov light and attenuation and scattering of light in 
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the atmosphere. The fluorescence yield is the number of photons produced per 
meter by a charged particle or the number of photons per unit of energy loss 
in air; the signal is contained in the 300-400 nm interval. Its absolute value is 
roughly five photons/m for an electron track of 80 MeV [17]. Rayleigh scattering 
deforms the spectrum between emission in the shower and fluorescence detector, 
which may be as large as tens of kilometres. The emission line at 391 nm is 
therefore particularly important; new measurements may indicate that its yield 
is lower than previously assumed [18]. New experiments are being undertaken 
to determine the air fluorescence efficiency and its dependence on relevant con- 
ditions, including energy deposited by the exciting particle, pressure, density, 
temperature, humidity. Ozone content, and others. The geometrical track recon- 
struction in a stereo configuration by more than one optical detector or in a 
hybrid configuration together with a ground array is greatly improved compared 
to a monocular reconstruction and will reduce systematic uncertainties. 

Numeric modelling of the shower development is required to understand how 
the properties of the primary particle translate into observables in the detec- 
tor. The first interactions occur at energies far beyond the reach of accelerators, 
and there are no data about cross sections, multiplicities and other secondary 
particle distributions available. The shower is a combined electromagnetic and 
hadronic cascade, which may be described by means of coupled cascade equati- 
ons, detailed Monte Carlo simulation, or both. The number of particles at the 
shower maximum is typically 10^ particles for 1 EeV primary energy. These 
are too many to be treated individually even for the fastest computers availa- 
ble. Possible solutions are sparse sampling by the ’thinning method’ [11] and a 
combination of analytical and Monte Carlo methods [12]. Finally, the detector 
response has to be understood and taken into account. The program packages 
CORSIKA [13] and AIRES [14] are widely used to interpret cosmic ray data. It 
has become evident that certain interaction data measurable at accelerators are 
needed to improve the understanding of extensive air showers. Efforts are being 
made and continue in this direction [15]. 



1.2 The Pierre Auger Observatory 

The scientific objectives of the Pierre Auger Observatory are to understand the 
nature, origin and propagation of ultrahigh-energy cosmic rays. The questions 
addressed are: Are there point sources? Is there any evidence for anisotropies in 
the distribution of arrival directions? Does the energy spectrum exhibit a GZK- 
like suppression feature? What are the primary particles? What is the energy 
source acceleration or decays of supermassive relic particles? 

The Pierre Auger Collaboration is a world-wide group of researchers from 
Argentina, Australia, Bolivia, Brasil, Czech Republic, France, Germany, Italy, 
Poland, Mexico, Slovenia, Spain, United Kingdom, USA and Vietnam. The Au- 
ger Observatory is designed for full-sky coverage with an aperture of 7350 km^sr 
in each hemisphere above 10^^ eV for zenith angles up to 60°. 
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Fig. 5. Location and layout of the Southern Pierre Auger Observatory in Mendoza, 
Argentina. Each dot represents one water Cherenkov detector. The four telescope sta- 
tions are placed on small elevations called LEONES, COIHUECO, MORADOS and 
NORTE. The fields of view for some telescopes are indicated. The inset gives the expec- 
ted number of events per year for the full configuration assuming the AGASA energy 
spectrum. 



We proceed now to describe the Southern Auger Observatory. In the final 
configuration 1600 water tanks will be placed on a triangular grid with 1.5 km 
spacing to cover 3000 km^. Twenty- four fluorescence detectors in total will be 
grouped in four locations at the perimeter of the ground array to oversee the 
entire surface detector. This hybrid detection technique combines the statistical 
power of a ground array with calorimetric energy measurement and detailed 
longitudinal reconstruction for a 10% subset of showers recorded during clear, 
dark nights. The expected number of events above 1^‘^^eV is about one hundred 
per year, if the spectrum continues with a slope suggested by the AGASA results. 

Detailed information may be obtained from the Pierre Auger Project internet 
portal [http://www.auger.org]. 

Construction of the Southern site started in 1999 in the Province of Mendoza, 
Argentina. The observatory campus is located in the city of Malargue at the 
South-West border of the detector field, see Figure 5. The region of El Nihuil 
(35.2° S, 69.2° W, 1400 m.a.s.L, mean slope less than one percent) lies in the 
Province of Mendoza, 80 km west of San Rafael. 
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It has been noted that large detectors for cosmic rays have also a significant 
detection potential for neutrinos; the air above the Auger surface detector consti- 
tutes about 30 giga-tonnes. Neutrinos may be distinguished from other primary 
particles as very inclined showers occuring deep in the atmosphere above the 
detector: the thickness of the atmosphere is 36,000^/cm^ for a horizontal path 
(90° zenith angle) and only neutrinos can travel through most of this matter 
before they induce an extensive air shower near the detector. Neutrino-induced 
showers would exhibit a curved structure whereas ordinary, hadron-induced sho- 
wers have a thin, fiat muonic disk after traversing several atmospheric depths. 
Very inclined showers have been studied using data from the Haverah Park expe- 
riment and the sensitivity of the Pierre Auger Observatory to neutrinos has been 
evaluated [19] [2]. The Pierre Auger Observatory may detect neutrino fluxes at 
levels similar to that of the IceCube detector, but at higher energies as shown 
in Figure 6. 
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Fig. 6. Compilation of neutrino sensitivities. All sensitivities relate to 1 event per 
year observation, except ANITA (30 days) and RICE present limit (145 days) and 
are computed for a E~^ neutrino spectrum. For neutrino telescopes like BAIKAL, 
AMANDA, ANTARES and ICECUBE atmospheric background is important and the 
sensitivity relates to experimental 90 atmospheric neutrino background. For all high 
energy experiments zero background is assumed [2]. 
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The Surface Detector (SD) is made of water Cherenkov tanks. The tanks 
have 3.6 m diameter and 1.2 m height to contain 12 m^ of clean water viewed by 
three 9” photomultiplier tubes (PMT). A solar panel and a buffer battery provide 
electric power for the local intelligent electronics, GPS synchronization system 
and wireless LAN communication. The abundant cosmic ray muons produce an 
essential calibration signal of about 80 photoelectrons in one PMT. The signals 
are continuously digitised with 16 bit dynamic range at 40 MHz sampling rate 
and temporarily stored in local memory. The time structure of PMT pulses 
carries rich information related to the mass of the primary particle. The trigger 
conditions will require four or five stations with a significant energy deposit. 
Detection efficiency will begin around 10^^ eV and reach 100% at 10^^ eV. 

The Fluorescence Detector (FD) consists of 24 wide-angle Schmidt telesco- 
pes grouped in four stations, see Figure 1. Each telescope has a 30° field of 
view in azimuth and vertical angle. The four stations at the perimeter of the 
surface array consist of six telescopes each for a 180° field of view inward over 
the array. Each telescope is formed by segments to obtain a total surface of 
12 m^ on a radius of curvature of 3.40 m. The aperture has a diameter of 2.2 m 
and is equipped with optical filters and a corrector lens. In the focal surface 
a photomultiplier camera detects the light on 20x22 pixels. Each pixel covers 
1.5° X 1.5° and the total number of photomultipliers in the FD system is 13,200. 
PMT signals are continuously digitised at 10 MHz sampling rate with 15 bit 
dynamic range. The FPGA-based trigger system is designed to filter out shower 
traces from the random background of 200 Hz per PMT. Attention is given to 
atmospheric monitoring, making use of laser beams, LIDAR, calibrated light 
sources and continuous recording of weather conditions. Special efforts are being 
made to determine the air fluorescence efficiency and its dependence on relevant 
conditions. 

The track reconstruction in a stereo configuration or in a hybrid configuration 
together with a ground array is greatly improved compared to a monocular 
reconstruction. The detector is sensitive to the primary particle type exploiting 
the atmospheric depth in which the shower maximum occurs, the ratio of muons 
to electrons in the shower, and the time structure of the shower disk. 



1.3 Results from the Engineering Array 

An Engineering Array (EA) consisting of 40 water tanks and 2 prototype teles- 
copes was built to demonstrate the hybrid concept and to validate the technical 
designs before mass production. 

For the SD the construction and operation of the EA has allowed the testing 
of tanks (materials, liners, solar panels, brackets, cabling, etc.), as well as of 
the deployment strategy, water production and quality, photomultiplier tubes, 
electronics, triggers, software and data acquisition, monitoring packages, tele- 
communications. For the FD it has been possible to evaluate the performance 
of the optics, mirrors, electronics, corrector plates, filters and shutters. 
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Fig. 7. Layout of the Engineering Array. Black dots are at the positions of water 
Cherenkov tanks. The black square is at the position of the first fiuorescence detec- 
tor station on the Los Leones hill. The white lines indicate the fields of view of the 
individual telescopes. 



The location of the SD Engineering Array has its centre 10 km north of the 
FD building at Los Leones. Forty detector tanks were deployed, of which 32 were 
completely instrumented. 37 of these detectors were positioned on a triangular 
grid, covering an area of approximately 46A;m^. The mean and maximum position 
deviation of these tanks are 21m and 90 m, respectively (see Fig. 8). Near the 
centre of this array, a further detector was placed 11m from an existing one. 
This pair of detectors enables comparisons of timing and density measurements 
to be made at essentially the same distance from the shower core. Additionally, 
two detectors were deployed at the middle of two of the triangles of the detector 
pair, i.e. at 860 m from their three nearest neighbours, allowing triggering on 
lower energy showers. Figure 7 shows the geometry of the Engineering Array. 

Photomultiplier calibration is carried out in three steps. Firstly, the three 
photomultiplier tubes are matched by gain by adjusting their voltages so that 
the rates (about 100 Hz) above a threshold of 3 vertical equivalent muons (VEM) 
are the same. Secondly, the evolution of the gains is monitored and inserted into 
the data flow. Finally, the absolute calibration is determined from a sequence 
of measurements made on an identical test tank located at the central campus. 
Muons produced in the atmosphere provide the basis of the calibration chain. 
In addition to forming an extremely well-understood and uniform background 
across the whole of the surface array, the signal from a muon traversing a Cheren- 
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Fig. 8. Top: Photograph of a water Cherenkov detector in the field, featuring the solar 
power unit and a communication antenna. The white spot on the background hill is the 
Los Leones telescope building in 8 km distance. Bottom: Photograph of a prototype 
fluorescence telescope. The prototype had both diamond-cut aluminum mirrors and 
polished glass mirrors; the production version will use only one technology within a 
given building. 



kov tank is proportional to the geometric path length. The calibration method 
therefore focuses on determining quantities related to the signals associated with 
muons. The peak due to single muons crossing the tank is clearly visible in a 
histogram of signals from a photomultiplier (figure 9). The position of this peak 
is an important calibration parameter. 
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Fig. 9. Top: FADC muon traces for three photomultipliers in a tank. Bottom: total 
charge distribution on one photomultiplier. The peak at 50 ADC counts is due to single 
muons passing and forms the basis of the energy calibration. 



The SD time synchronization using GPS works well within 50 ns and the 
angular resolution is the order of 1° or better. 

The fluorescence detectors were preliminary calibrated and atmospheric cor- 
rections were evaluated based on laser beams, LIDAR and calibrated light sour- 
ces at various distances from the telescope. The sensitivity was estimated to be 
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Fig. 10. Examples of events detected with the engineering array. Top panel: Particle 
densities projected into the plane perpendicular to the shower axis. The energy of this 
11-tank shower is (2 — 3) • 10^^ eV, the zenith angle is about 54°. Bottom panels: Close 
to the core substantial pulseheights are recorded; farther out, individual pulses from 
electrons (lower, wide-spread signals) and muons (sharp peaks) can be seen. 
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Fig. 11. Left: Photograph of camera reflected in the segmented aluminum mirror. The 
mirror surface is diamond-cut without polishing. Right: online display of an event in 
the FD. Hit pixels are indicated on the camera (upper left panel) and raw FADC data 
are shown for selected pixels (upper right panel). The correct timing sequence of trigger 
channels is shown in the lower right panel. 
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Fig. 12. Two events seen by the fluorescence detector. The reconstructed number of 
particles is shown as a function of atmospheric depth together with a Gaisser-Hillas 
curve fit. 



10 EeV at 26 km distance. Using a YAG laser of adjustable pulse energy, we 
have verified that the FD meets the trigger sensitivity required to record 10^^ eU 
showers throughout the SD aperture under normal atmospheric conditions. 

As a final example of the successful initial operation of the Southern Auger 
Observatory we present in Figure 13 a map of the arrival directions of 2500 
events of all energies. 

The current signal coming from each phototube is sampled at 10 MHz with 
12 bit resolution and 15 bit dynamic range. The First Level Trigger system 
performs a boxcar running sum of ten samples. The trigger is fired if the sum 
exceeds a threshold . This threshold is determined by the trigger rate itself, and 
is regulated to keep it close to 100 Hz. Every microsecond, the camera is scanned 
for patterns of pixels that are consistent with a track induced by the fluorescence 
light from a shower. This is the Second Level Trigger, which had a rate of 0.3 Hz. 
It is dominated by muons hitting the camera directly and random noise. These 
components, as well as lightning, are then filtered by the software Third Level 
Trigger, yielding a rate of one event every 20 minutes per telescope. 

The two telescopes were operated during dark periods at 11% duty cycle as 
expected. 

The ground array and fluorescence detectors were commissioned with the dis- 
tributed, asynchronous data acquisition system from December 2001 onwards. 
During four months, the EA was operated continuously. It recorded several thou- 
sand events in either subsystem and about 70 hybrid events. In Figures 10, 11 
and 12 we show examples for some events. 



1.4 Perspectives and Conclusion 

The prototype apparatus has met or exceeded all our specifications. We are thus 
confident to proceed with the construction of the full-scale observatory. 

Tanks are being deployed at a regular rate, filled with di, stilled water and 
electronic packages are installed rapidly. At the time of writing (September 2003) 
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Auger data: 254& events of all etier-gies. BO deg e^Cclusion xone (lino) 




Galactic Longitude 

Fig. 13. Arrival direction distribution of the Auger EA events in galactic coordinates. 
The galactic centre is at the edge of theh diagram. The line shows the exclusion zone 
for a zenith angle of 60 degrees. 




Fig. 14. Exposures of ground-based cosmic ray detectors [16]. The curve for the Auger 
Observatory corresponds to the combined Sourthern and Northern sites. 
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about 130 production tanks have been added to the Engineering Array. There 
are 87 detectors oiperational now. 

Two buildings for fluorescence telescopes at LEONES and COIHUECO, in- 
dicated in Figure 5, are completed and equipped with 3 and 1 telescopes of the 
final design, respectively. Hybrid operation of the surface array together the Los 
Leones telescopes has resumed, and we expect to start stereoscopic optical de- 
tection during October 2003. Construction of a communications tower at the 
third location, Los Morados, and of this fluorescence building have started. The 
full configuration of the Southern site will be reached by 2005. 

Full-sky coverage is important to interpret the expected data on ultra high- 
energy cosmic rays. The extreme cases are that point sources or an isotropic 
distribution will be found, with or without a GZK cut-off. The astronomical 
features of the Northern and Southern hemispheres are very different. There- 
fore, observations in one hemisphere cannot be extrapolated to the other one 
and a complete survey must be done. Thus, after completion of the Southern 
Auger Observatory, it is planned to commence construction of the Northern Au- 
ger Observatory. The selected site is in the USA in Millard County, Utah. An 
alternative site is in Colorado. In figure 14 we show the integrated exposures of 
ground-based cosmic ray detectors as a function of time. 

The Pierre Auger Observatory is starting up in a few years and will improve 
significantly our understanding of ultra-high energy cosmic rays. 
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Abstract. CANGAROO-III is an experiment aiming at studying the properties of 
very high energy gamma rays from celestial objects in the southern sky. We use an 
array of 4 imaging atmospheric Cherenkov telescopes in Australia. The observation 
with the first telescope (CANGAROO-II) started in 1999 and the data have been 
analyzed. The second telescope was constructed in 2002 and stereoscopic observations 
started. This contribution summarizes the status of the CANGAROO— III experiment 
and physics results with the first telescope. 



1 Introduction 

CANGAROO is an acronym for Collaboration of Australia and Nippon(Japan) 
for a Gamma- Ray Observatory in the Outback. This project is set up with the 
aim of observing Very High Energy (VHE) gamma rays (lOOGeV-lOOTeV) from 
celestial objects. The VHE gamma-ray astronomy is a rapidly developing field. 
Reviews on this field can be found in [1] [2] [3] [4] and also in Professor Lorenz’s 
talk [5]. We started this international project in 1992 with the CANGAROO- 
I telescope whose diameter was 3.8m [6]. Now this project has evolved to the 
CANGAROO-III which is an array of four 10m telescopes. 

A gamma-ray energy of 1 GeV corresponds to a temperature of 10^^ K if 
the gamma ray is produced as thermal radiation. It is difficult to find such 
high temperature state in the present universe. Thus these gamma rays are 
produced by the high energy cosmic rays (protons and electrons) which have 
been accelerated in the celestial objects, that is, non-thermal radiation. 

There are two approaches to observe cosmic gamma-rays - from space sa- 
tellites and ground-based telescopes. The Compton Gamma Ray Observatory 
(CGRO) was launched in 1991. The EGRET detector [7] on board CGRO de- 
tected gamma rays in the energy region from 30 MeV to 20GeV. A total of 271 
point sources were detected [8] including 5 pulsars and 66 active galactic nuclei, 
but 170 sources were left as unidentified sources. They were astonishing discover- 
ies of high energy phenomena in the universe. The CANGAROO-III experiment 
is based on the other approach - the ground-based Cherenkov telescopes. 
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2 The Techniques of VHE Gamma- Ray Astronomy 

2.1 Cherenkov Telescope 

The search for Very High Energy(VHE) gamma rays (>lTeV) was attempted 
in the early 1960s. Primary gamma rays inject into the upper atmosphere and 
generate the cascade of electrons and positrons. The charged particles emit Che- 
renkov light and we can detect the feeble light with ground based optical te- 
lescope. Similarly, cosmic rays generate cascades with hadronic interaction and 
emit Cherenkov light, which is the background. Distinguishing gamma rays from 
background cosmic rays, however, was difficult. 

The Whipple telescope (Arizona, USA) was equipped with the first imaging 
Cherenkov system consisting of 37 photo- multiplier tubes(PMTs). In 1989, the 
Whipple group detected a strong signal (9.0 cr significance level) from the Crab 
using the imaging method [9]. The detection of gamma rays from an Active 
Galactic Nuclei(AGN), Markarian 421 [10], established the imaging method with 
Cherenkov telescope (large reflector with small pixeled PMT camera). Later, 
many groups detected Crab nebula and new objects such as AGN, pulsars and 
supernova remnants in 1990s [4]. 

The CANGAROO group started observations in the southern hemisphere 
(Woomera, Australia) (Fig. 1). The observation site is located in the desert to 
avoid artificial light. The 3.8m telescope (CANGAROO-I) was operated bet- 
ween 1992 and 1998 [11] and investigated the gamma rays from pulsars (PSR 
1706-44 [12], Vela [13], PSR B1509-58 [14]) and SNRs (SN1006 [15], RXJ1713.7- 
3946 [16]). Successful operation of the 3.8m telescope led the CANGAROO group 
to make the larger telescope with fine resolution camera. In 1999, CANGAROO- 
II 7m telescope was constructed and was upgraded to 10m in 2000 [17]. The large 
mirror reduced the energy threshold of gamma ray into 400GeV at zenith. The 
CANGAROO-II 10m telescope has observed a lot of objects in the southern sky. 
The result of CANGAROO-II is mentioned in the later section. 



2.2 Imaging Analysis 

Monte Carlo simulation indicates that the typical Cherenkov image expected 
from gamma-rays has a compact and elliptical shape with its major axis presu- 
mably oriented towards the center of field of view. In contrast, Cherenkov images 
from hadron cosmic-ray showers are much more irregular and randomly oriented 
in the focal plane. The difference between images produced in gamma-ray and 
cosmic-ray showers can be quantified by Monte Carlo simulations (for gamma 
rays) and OFF-source data (for cosmic rays). The parameter “Alpha”, the image 
orientation angle, is the final signpost to judge the gamma-ray signals from the 
objects. 
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Fig. 1. CANGAROO-I telescope(top) and CANGAROO-II telescope (right). Mirror 
diameters are 3.8m(top) and lOm(bottom), respectively. 
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2.3 Stereoscopic Observation 

The ground-based Cherenkov telescopes have been developed under the two stre- 
ams - low energy threshold and high sensitivity. The space telescopes such as 
EGRET can detect gamma rays in the energy region less than 10 GeV. On the 
other hand, ground-based Cherenkov telescopes can detect gamma rays with 
energy higher than sub-TeV. There is an energy gap between the satellite and 
ground-based detection. In the case of Imaging Atmospheric Cherenkov Teles- 
cope(IACT), the energy threshold is limited by fluctuations in the night sky light. 
The most straightforward method is to increase the mirror area and collects more 
Cherenkov photons against night sky light. CELESTE [18] and STACEE [19] are 
experiments using the large mirrors for solar power. MAGIC [20] is one of the 
next generation lACTs and they use a 17m diameter mirror. 

For higher sensitivity, stereoscopic observations of Cherenkov light with multi 
telescopes are effective. An air shower initiated by a 1 TeV gamma ray emits 
a Cherenkov light pool of approximately 125m radius on the ground. The ste- 
reoscopic telescopes detect the same air shower in each place and we reconstruct 
the three dimensional atmospheric Cherenkov shower images. One can infer the 
incident direction of gamma rays (cosmic rays) more accurately and can reduce 
cosmic-ray background toward the source position. 

The HEGRA group (La Palma, Spain) [21] is the pioneer of the stereoscopic 
lACTs and started observations with five small telescopes in 1997. 

VERITAS [22], an Irish-UK-USA collaboration that is building an array of 
seven telescopes in Arizona, USA, and H.E.S.S. [23], European collaboration that 
is building an array of initially four, and eventually 16, telescopes in Gamsberg, 
Namibia, are the stereoscopic observation systems with large mirrors. 



3 CANGAROO— III Experiment 

3.1 The Large Steps Toward Stereoscopic Observation 

CANGAROO-III, the next phase of the CANGAROO group, aims at the de- 
tection of VHE gamma rays using four 10m diameter telescopes for stereoscopic 
reconstruction of atmospheric Cherenkov shower images [24] (Fig. 2). The first 
telescope of the CANGAROO-III array is the CANGAROO-II telescope, which 
has been in operation since April 1999. The telescope reflector has an parabolic 
shape, and consists of 60(114 since March 2000) small spherical mirrors with 
diameter of 80cm and made of carbon-fiber reinforced plastic [25] . The first tele- 
scope was used for stand-alone observation for two years. With improved plastic 
mirrors, a wider field of view camera, and faster electronics and data acquisition 
system, we started stereoscopic observations. The second telescope was built 
in March 2002 and the remaining two telescopes was constructed in 2003 [26]. 
The recent status of mirrors, data acquisition, telescope control and camera of 
CANGAROO-III are reported elsewhere [27] [28] [29] [30]. 
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Fig. 2. CANGAROO-III Experiment (composite image). Four 10m telescopes are ope- 
rated in the desert. 



The advantages of stereoscopic observation are as follows ; 

• Reconstruction of the arrival direction of showers on an event-by-event basis, 
with good angular resolution (< 0.1°), 

• Improvement in the energy resolution of ~ 20%. 

The stereoscopic technique allows us to study the spatial structure of exten- 
ded gamma-ray sources, such as supernova remnants. 

3.2 Camera 

Various improvements in the design of imaging camera have been made for the 
CANGAROO-III experiment [31]. The cameras of CANGAROO I, II and III 
are compared in Fig. 3. We have chosen a wider field of view for the efficiency of 
stereoscopic observation [32]. But in the wide field, the chance of having bright 



Table 1. The comparison of Imaging camera of CANGAROO-II and CANGAROO- 
III. 



Improvement 


CANGAROO-II 


CANGAROO-III 


Field of View 


2.7° 


4° 


Pixels/pixel size 


552/0.115° 


427/0.168° 


PMT 


R4124UV 


R3479UV 


Pre- amplifier 


TR402S 


MAX4107 


dynamic-range 


20p.e 


200 p.e. 


HV supply 


BOX unit 


individual 


Light guide 


square 


hexagonal 
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Fig. 3. The comparison of Camera of CANGAROO— I(upper left), CANGAROO- 
II(upper right) and CANGAROO-III(lower). 



stars within the field-of-view has increased. Therefore, the High Voltages(HVs) 
for the PMTs are individually controlled in order to avoid the deterioration of 
PMT performance by high current that bright stars cause. The comparison of 
the specification of CANGAROO-II and III telescope is shown in Table. 1. The 
better dynamic range and the good light collection efficiency with Winston-cone 
light guide were achieved. The pixels were arranged in hexagonal shape in order 
to maximize the collection efficiency of the Cherenkov light. The pixel size was 
determined to be 0.168° from a simulation study [32], considering the spot size 
of the 10-m composite reflector. 

Signals from the PMTs are fed into analog-buffer amplifiers. One output 
goes to the front-end module (discriminator and scaler) and the other goes to 
VME-based ADCs. The discriminated signals are sent to TDCs to measure the 
timing with 1-ns resolution. Timing information enable us to reject the accidental 
photons due to the night sky light. 

The camera, mirrors and data acquisition system for the second telescope 
were installed in 2002 and the stereoscopic observations with the first telescope 
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were started in December 2002. The camera is working well and we are collecting 
clear images of Cherenkov light. 



4 The Perspective of VHE Gamma- Ray Astronomy 

4.1 Accelerators in the Universe: Supernova Remnants 

The motivation for VHE gamma-ray astronomy is to understand where and how 
cosmic rays are accelerated in the universe. Cosmic rays are charged particles 
and are bended by the galactic magnetic field and lose the directional informa- 
tion before reaching the earth. Since gamma rays coming from the cosmic-ray 
acceleration site are not bended by the magnetic field, we can trace the sources 
of cosmic rays. In the vicinity of the source, accelerated cosmic rays (protons, 
nuclei and electrons) generate high energy gamma rays. The electrons produce 
low energy photons (radio to X-ray) through synchrotron radiation in the ma- 
gnetic fields. The photons such as cosmic microwave background can be boosted 
to TeV energies by inverse Compton scattering with high energy electrons. Pro- 
tons and nuclei cause strong interactions with interstellar matter, producing 
high energy pions. Neutral pions decay into gamma rays. The energy spectrum 
of gamma rays reflects the maximum energy of cosmic ray and the power-law 
index of cosmic rays: it is a probe of acceleration mechanisms of cosmic rays. 

Supernova Remnants (SNR) are thought to be one of the cosmic-ray ac- 
celerators. Non-thermal X-rays from the rim of SNR was discovered [33] and 
it suggested the existence of high energy electrons in shock waves. The CAN- 
GAROO group has observed TeV gamma-ray signals from SNR SN1006 [15] 
[34] (Figs. 4, 5). This spectrum was well fit by the inverse Compton scattering 
of cosmic-ray electrons. On the other hand, SNR RXJl 713. 7-3946 is different 
from it. This object is the same shell-type SNR that was discovered with RO- 
SAT all sky survey and CANGAROO-I telescope [16]. But the observation with 
CANGAROO-II indicated the TeV gamma ray was caused by the pion decay 
process [35] (Figs. 4, 5). The RCW86 [36] and RXJ0852. 0-4622 [37] are the 
shell- type SNRs that strong non-thermal X-ray was detected. The CANGAROO 
group has observed them and the preliminary results show the possible signals 
of sub- TeV gamma rays. We are about to searching the origin of the cosmic rays. 

We also have observed AGN in the southern sky [38] [39], pulsars [40] [41] 
[42], which are considered as one of the cosmic-ray accelerators. 

4.2 New Type Objects 

The CANGAROO group detected gamma rays from a normal spiral galaxy sho- 
wing the starburst activities, NGC253 [43] [44]. The alpha distributions suggest 
the diffuse sources. The significance map are shown in Fig. 6. This is the first de- 
tection from the extragalactic objects except for AGN and the largest structure 
ever detected. 
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Fig. 4. Contour map of statistical significance for various positions in the sky around 
SNR SN1006. The TeV gamma-ray emission region matches the X-ray image fairly well 

[15]. 



The center region of our galaxy is one of the most interesting region. EGRET 
detected a GeV gamma-ray source at the Galactic Center [45]. However, it is not 
yet clear that whether it is a point source or a diffuse source. Various theories 
have suggested for the origin of the high energy emission: the accretion disk 
around the massive black hole [46] or supernova remnants [47]. If the high energy 
radiation continues up to the sub TeV gamma-rays region or has a cut-off in the 
spectrum in the TeV gamma-ray region, observations with lACTs will provide 
important information to help determine the radiation mechanism. 
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On the other hand, from a point of view of particle physics, annihilation of 
putative dark matter neutralinos might be the origin of the gamma rays from 
the Galactic Center. A substantial density enhancement near the center and 
neutralino annihilation rate larger than that predicted previously give lACTs a 
chance of detecting a gamma-ray signal in the 100 GeV-10 TeV region [48]. 

We observed the Galactic Center with the CANGAROO-II telescope for 
two years. The “Alpha” (image orientation angle) distributions, obtained by 
Likelihood analysis [49] [50], are shown in Fig. 7. The histograms were norma- 
lized by OFF-source events with a > 30°. The observation in 2001 (observation 
time,~50 hours) has shown a considerable excess around a ~ 0°, possibly in- 
dicating gamma-ray signals with an energy threshold of about 400 GeV. The 
recent results including the 2002 data are presented elsewhere [51]. 

We also have observed the jet-objects [52] and an EGRET unidentified 
source [53], up-to-date results shows no gamma-ray signal. 

The search for new gamma-ray source will give us not only new viewpoint 
for the origin of cosmic ray also new physics. 




Fig. 5. Multi-band emission from SNR RXJ1713. 7-3946 and emission models. This 
indicates that the TeV gamma-ray emission is caused by the pion decay process [35]. 
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Fig. 6. Profile of the emission around NGC253 obtained by CANGAROO-II telescope. 
The optical image(line) is overlaid [43]. 
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Fig. 7. Alpha(image orientation angle) distributions of the Galactic Center. On-source 
data is the Galactic Center and OFF-source data is the background. The excess events 
around 0 degree shows the gamma-ray signals from the Galactic Center. 
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5 Summary 

Four 10m telescopes of the CANGAROO-III experiment were constructed in 
2003 and the stereoscopic observation has started. The CANGAROO-III camera 
is working well and we can get clean shower images. In the near future, we will be 
able to obtain the new knowledge about cosmic ray by the precise measurement 
of VHE gamma rays from the celestial objects. 
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Abstract. Ultra High Energy, UHE, Neutrino Astronomy should be soon tested on 
Earth. At present High Energy Neutrino Astronomy is searched by AMANDA, ANTA- 
RES underground detectors looking for its muons secondary tracks. We suggest a com- 
plementary higher energy Tau Neutrino Astronomy based on Horizontal and Upward 
Tau Air-Showers observed by high mountain, balloon or satellite detectors. Possible 
early evidence of such a New Neutrino UPTAUs or HORTAUs (Upward or Horizon- 
tal Tau Air-Showers) Astronomy may be already found in BATSE gamma records of 
brief up-going gamma showers named Terrestrial Gamma Flashes. Future confirma- 
tion must be found in detectors as EUSO, seeking for Upward- Horizontal air-shower 
events: indeed even minimal, guaranteed, GZK neutrino fluxes may be observed if 
EUSO threshold reaches 10^^ eV or lower energies by enlarging its telescope size. 



1 Ultra High Energy Cosmic Rays and Neutrinos 

Nature, for unknown reasons, did not provide (much or at all) magnetic mono- 
poles in our Universe. Their absence allow the existence of large scale structure 
of magnetic fields near planets, stars and galactic spaces. Cosmic Rays, because 
of their main nucleon and nuclei nature, are charged and consequently they 
are easily bent by solar, galactic and extra-galactic magnetic fields. Therefore 
Cosmic Rays are reaching our terrestrial atmosphere smeared and nearly isotro- 
pic with no astronomical memory. Astronomy, on the contrary, is based on the 
direct, undeflected radiation from astronomical source to the observer. The neu- 
tral messengers which we did exploit in last three centuries were mainly photons 
in the optical range. Since Maxwell discovers and during all last century the 
whole electromagnetic spectrum opened to Astronomy. Radio, Infrared , X and 
gamma astronomy made vivid in new colors hidden face of our sky. Moreover 
in the last 30 years also neutrino astronomy arose and proved fruit-fully solar 
and supernova neutrino astronomy. Finally also Ultra High Energy Cosmic Ray 
(UHECR) may offer a New Particle Astronomy because, even charged, their 
extreme rigidity makes them almost un-bent by galactic and extra-galactic ma- 
gnetic fields. Therefore UHECR fly straight from their birth-place to us. These 
UHECR {Euhecr > 10^^ eU) are numerous and they are already reaching hun- 
dreds of data records. Moreover this UHECR astronomy is bounded (by pri- 
mordial photon drag, the well known Greisen, Zatsepin, Kuzmin (GZK) cut-off 
[28], [44]. ) in a very narrow (almost local) Universe (few tens Mpc). Surprisingly 
we did’t find yet in present UHECR arrival maps any corresponding nearby 
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known galactic structures or clear super-galactic imprint. The UHEGR are co- 
ming from everywhere. This observed isotropy call naturally for a cosmic link, 
well above the narrow GZK radius cut-off. Moreover observed UHEGR clustering 
in groups suggest compact sources (as AGN or BL Lacs beaming Jets) respect 
to any homogeneous and isotropic halo of primordial topological defects. Recent 
evidence for a dozen or more BL Lacs sources correlation (some at medium reds- 
hift 2 ^ ~ 0.3 » zgzk) with UHEGR clustered events are giving support (with 
their over all isotropy) to a cosmic origin for UHEGR sources [30]. This is the 
so-called GZK paradox that may find a solution by neutrino with a light mass, 
in the so called Z-Burst model. Incidentally the same UHEGR constrained by 
GZK cut off must produce abundantly by pion decays the so called GZK (or 
cosmogenic) neutrino secondaries at a fluence at least comparable with most pe- 
netrating UHEGR (at energy E < lO^^eU). Therefore there must be a minimal 
underlying neutrino astronomy nearly as large as observed GZK cosmic ray level. 
In order to solve the GZK puzzles it may be necessary to trace their linked UHE 
neutrinos either primary (at much higher fluxes) by Z-Showering or Z-Burst mo- 
del or at least as secondaries of the same UHEGR. Indeed UHE Relic neutrinos 
with a light mass may play a role as calorimeter for UHE neutrinos from cos- 
mic distances at ZeV energies. Their scattering may solve the GZK paradox, 
[9], [10], [43], [42], in particular in a narrow neutrino mass windows [16], [38]; in 
this scenario UHE u Astronomy is not just a consequence but itself the cause of 
UHEGR signals. To test this idea we need to open an independent UHE neutrino 
Astronomy on Earth. There are other additional solution to GZK paradox based 
on extreme extragalactic magnetic fields, new hadronic physics or hypothetical 
decay of primordial topological relics; we shall not address here to these models 
for lack of space; nevertheless large neutrino secondaries or primaries fluxes must 
also arise [30]. 

1.1 Neutrino Versus Gamma Astronomy 

Different muon track detectors, cubic km^ in underground may be reveal them at 
PeVs energies. Nevertheless UHE neutrino tau may interact on Mountains or bet- 
ter on Earth crust, at a huge concrete calorimeter, leading to Tau Air- Showers, 
probing easily both (secondary and/or primary) UHE neutrino astronomy at 
GZK energies. Present article review the problems and the experimental pros- 
pects on Mountains, planes detectors quota; we also reconsidered events mea- 
sured by satellites, like past BATSE, present gamma satellite INTEGRAL, fu- 
ture EUSO experiments. The recent signals in BATSE terrestrial gamma flashes 
maybe indeed the first evidence for these new UHE neutrino Astronomy upco- 
ming from Earth crust at PeV-EeV energies, leading to UPTAUs and HORTAUs 
showers. Indeed in last Fig. 17 we summirized the two consequent Flux signal 
derived by the TGF event rate data in BATSE (1991-2000) experiment, norma- 
lized for the estimated BATSE thresholds. These result may be a useful reference 
estimate for PeV-EeV neutrino fluxes and apparently are well consistent with Z- 
Showering model for a relic mass within the expected values (m 0.04 — 0.4eU). 
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Let us remind that the restrictions on any astronomy are related to a the mes- 
senger interactions with the surrounding medium on the way to the observer. 
While Cosmic Rays astronomy is severely blurred by random terrestrial, solar, 
galactic and extragalactic magnetic lenses, the highest 7 ray astronomy (above 
tens TeV) became more or less blind because of photon-photon opacity (due to 
electron pair production) at different energy windows. Indeed the Infrared- TeV 
opacity as well as a more severe Black Body Radiation, BBR,( at 2.75iT)-PeV 
cut-off are bounding the TeV -PeV 7 ray astronomy in very nearby cosmic ( 
or even galactic) volumes. Therefore rarest TeV gamma signals are at present 
the most extreme trace of High Energy Astronomy. We observe copious cosmic 
rays at higher lO^^eV) energies almost isotropically spread by galactic and 
cosmic magnetic fields in the sky. Let us remind, among the 7 TeV discover- 
ies, the signals of power- full Jets blazing to us from Galactic (Micro- Quasars) 
or extragalactic edges (BL Lacs). At PeV energies astrophysical 7 cosmic rays 
should also be presented, but, excluding a very rare and elusive CygV3 event, 
they have not being up date observed; only upper bounds are known at PeV 
energies. The missing 7 PeV astronomy, as we mentioned, are very probably 
absorbed because of their own photon interactions (electron pairs creation) at 
the source environment and/or along the photon propagation into the cosmic 
Black Body Radiation (BBR) and/or into other diffused background radiation. 
Unfortunately PeV charged cosmic rays, easily bend and bounded in a random 
walk by Galactic magnetic fields, loose their original directionality and their 
astronomical relevance; their tangled trajectory resident time in the Galaxy is 
much longer (> 10 ^ - 10 ^) than any linear neutral trajectory, as in the case of 
gamma rays, making the charged cosmic rays more probable to be observed by 
nearly a comparable length ratio. However astrophysical UHE neutrino signals 
in the wide range lO^^eV-lO^^eV (or even higher GZK energies) are unaffected 
by any radiation cosmic opacity and may easily open a very new exciting window 
toward Highest Energy sources. Being weakly interacting the neutrinos are an 
ideal microscope to deeply observe in their accelerator (Jet,SN,GRB, Mini Black 
Hole) cores they do not experience any strong self opacity as the case of photon. 
Other astrophysical ly sources at lower energies (10^ eV - 10^^ eV) should also 
be present, at least at EGRET fluence level, but their signals are very weak 
and probably drowned by the dominant diffused atmospheric i/, secondaries of 
muon secondaries, produced as pion decays by the same charged (and smeared) 
UHE cosmic rays (while hitting terrestrial atmosphere): the so called diffused 
atmospheric neutrinos. Indeed a modulation of the atmospheric neutrinos signal 
has inferred the first conclusive evidence for a neutrino mass and for a neutrino 
flavor mixing. At lowest (Me Vs) ly energy windows, the abundant and steady so- 
lar neutrino flux, (as well as the prompt, but rare, neutrino burst from a nearby 
Super-Novae (SN 1987A)), has been, in last twenty years, successfully explored, 
giving support to neutrino flavour mixing and to the neutrino mass reality. More 
recent additional probes of solar neutrino flavour mixing and reactor neutrino 
disappearance are giving a robust ground to the neutrino mass existence, at least 
at minimal '^0.05 eV level. 
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2 Light Neutrino Masses, Z-Shower for GZK Puzzle 

Let us mention that Stellar evolution, Supernova explosion but in particular 
Early Universe had over-produced and kept in thermal equilibrium neutrinos 
whose relic presence here today pollute the cosmic spaces either smoothly (ligh- 
test rriy <C O.OOleU relativistic v) or in denser and even possibly clustered Hot 
Halos (c± eV s relic v masses). A minimal tiny atmospheric neutrino (above 0.05 
eV) i' mass, beyond the Standard Model, are already making their cosmic energy 
density component almost two order of magnitude larger than the corresponding 
2.7 5K (Black Body Radiation) BBR radiation density. Here we discuss their role 
in Z-Shower model and we concentrate on the possibility to detect such a compo- 
nent of the associated UHE neutrino flux astronomy (above PeV-EeV up to GZK 
energies) by UHE interactions in Mountain chains or in Earth Crust leading 
to Horizontal or Upward Tau air-showers [11], [17], [23] [18], [6]. The article will 
discuss The Z-Shower scenario and the Z-Shower tail spectra, while we discuss 
the idea that UHE r neutrino may amplify its signal by peculiar r air-showers, 
either upward and horizontal. We evaluated the terrestrial skin crown volumes, 
surrounding each observer at high quota, where UHE neutrino r may hit and 
give life to Earth- Skimming Tau nearly Horizontal, whose decay in flight may be 
source of Horizontal Tau air-showers (HORTAUs).We consider the HORTAUs 
signals observable from next generation of UHECR detectors as EUSO and or 
OWL experiments. In the Conclusion we summirized the tau astronomy and 
the resulting Terrestrial Gamma Flash interpretation as neutrino UPTAUs and 
HORTAUs fluxes at (~ lOOeV cm~^ s~^ sr~^) just an order of magnitude below 
present neutrino telescope detector and cosmic ray arrays. 

2.1 Underground km^ Neutrino Detectors 

The UHE lO^^eV - lO^^eV u ’s , being weakly interacting and rare, may be 
detected mainly inside huge volumes, bigger than Super-Kamiokande ones; at 
present most popular detectors consider underground ones (Cubic Kilometer 
Size like AMANDA-NESTOR) or (at higher energy lO^^eV - lO^^eV) the widest 
Terrestrial atmospheric sheet volumes (Auger Array Telescope or EUSO atmos- 
pheric Detectors). Underground km^ detection is based mainly on tracks 
above hundred TeV energies, because of their high penetration in matter, lea- 
ding to kilometer size lepton tails [35]. Rarest atmospheric horizontal showers 
are also expected due to iy interactions in air (and, as we shall discuss, in the 
Earth Crust) with more secondary tails. While km^ detectors are optimal for 
PeV neutrino muons, the Atmospheric Detectors (AUGER-EUSO like) exhibit 
a minimal threshold at highest (> 10^^ eU) energies. The km^ sensibility is more 
tuned to Tens TeV -PeV astronomy while AUGER has wider acceptance above 
GZK energies. As we shall discuss r air-shower detectors exhibit also huge accep- 
tance at both energy windows being competitive both at PeV as well as at EeV 
energy range as well as GZK ones; we shall not discuss here the Km^ detector 
as the ICECUBE project. There are also other attempts to search for UHE neu- 
trinos by their coherent radio showering (Askaryan effect and ANITA project) 
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in ice ; recent indirect constrains by radio satellite FORTE made by negligible 
radio records seems to limit or nearly exclude the Z-Burst model needed fluxes. 
We shall not discuss them here but only remind that these coherent Cherenkov 
showering has not yet a solid experimental base and that its consequent wide 
angle showering does provide only a very blurred neutrino astronomy. Finally we 
wish to remind that a lower UHECR flux as the one derived by HIRES mitigate 
and let the UHE neutrino flux to be consistent with present FORTE bounds. 



2.2 UHECR Neutron- Neutrino Astronomy Traces 

Incidentally just around EeV (lO^^eU) energies an associated Galactic Ultra 
High Energy Neutron Astronomy might be already observed in anisotropic clu- 
stering of UHECR data because of the relativistic neutrons boosted lifetime. 
Therefore UHE neutrons at EeV may be a source candidate of the observed tiny 
EeV anisotropy in UHECR data. Indeed a 4% galactic anisotropy and cluste- 
ring in EeV cosmic rays has been recently emerged by AGASA [29] along our 
nearby galactic spiral arm. These data have been confirmed by a South (Austra- 
lia) detector (SUGAR) [2]. Therefore AGASA might have already experienced 
a first UHECR-Neutron astronomy (UHENA) at a very relevant energy flux 
(~ 10eUcm“^s“^). These EeV-UHENA signals must also be a source of at least 
comparable parasite (10^^ — 10^® eV) secondary tails of UHE neutrino from 
the same neutron beta decay in flight. After and even more abundant UHE r 
fluxes may be also produced by a larger pion pair production near the same 
accelerating source of UHE EeV neutrons. Their flavor oscillations and mixing 
in galactic or extragalactic flights (analogous to atmospheric and solar ones) 
must guarantee the presence of all lepton flavors fluxes 0 nearly at equal foot: 
= 1 • 1 • The latter UHE i7r imprint (added to other local 

astrophysical UHE v production) could be already recorded [11] as Upward and 
Horizontal Tau air-showers Terrestrial Gamma Flash (considered as secondaries 
7 of Upward Tau air-showers and Horizontal Tau air-showers): UPTAUs and 
HORTAUs. 

At highest energy edges (> 10^® — lO^^eU), a somehow correlated new UHE 
Astronomy is also expected for charged Cosmic Rays; indeed these UHECR have 
such a large rigidity to avoid any bending by random galactic or extragalactic 
magnetic fields; being nearly non deflected UHECR should point toward the 
original sources showing in the sky a new astronomical map. Moreover such 
UHECR astronomy is bounded by the ubiquitous cosmic 2.75AT^ BBR screening 
(the well known Greisen, Zat’sepin, Kuzmin GZK cut-off) limiting its origination 
inside a very local (< 20Mpc) cosmic volume. Surprisingly, these UHECR above 
GZK (already up to day above 60 events) are not pointing toward any known 
nearby candidate source. Moreover their nearly isotropic arrival distributions 
underlines and testify a very possible cosmic origination, in disagreement with 
any local (Galactic plane or Halo, Local Group) expected footprint by GZK 
cut-off. A very weak Super- Galactic imprint seems to be present but at low 
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level and already above GZK volume. This opened a very hot debate in modern 
astrophysics known as the GZK paradox. 

2.3 Neutrino Masses Bumps in UHECR Edges 

As mentioned a possible solutions has been found recently beyond the Standard 
Model assuming a non- vanishing neutrino mass. Indeed at such Ultra-High ener- 
gies, neutrino at ZeV energies (> lO^^eU^) hitting onto relic cosmological light 
(0.1 —4eV masses) neutrinos [7] nearly at rest in Hot Dark Matter (HDM) Halos 
(galactic or in Local Group) has the unique possibility to produce UHE resonant 
Z bosons (the so called Z-burst or better Z-Showering scenario). The gauge Z, 
IU+, boson decay may shower the same nucleon secondaries responsible 

for observed UHECR the different channel cross-sections in Z-WW-ZZ- Shower 
by scattering on relic neutrinos are shown in Fig.l while the boosted Z-Shower 
secondary chains are in Fig. 2 for a degenerated light 0.4eU neutrino mass, Fig. 3 
for a nearly non degenerated case. Fig. 4 for a totally non degenerated neutrino 
mass: [9], [10], [42], [43]; for a more updated scenario see [16], [38]. If relic neu- 
trinos have a mass (as they should by recent neutrino mass splitting evidences 
[26], [25], [3] and most recent claims by KamLAND [31] larger than their maximal 
thermal energy (which is ^ 5 • 10“^eU for the temperature 1.9K^), predicted in 
Big Bang universe for primordial thermal gas of massless two component neu- 
trinos) they may cluster in Local Group or galactic halos; near eVs masses the 
clustering seems very plausible and it may play a role in HDM cosmology . Their 
scattering with incoming extra-galactic UHE neutrinos determine high energy 
particle cascades which could contribute or dominate the observed UHECR flux 
at GZK edges. The competitive UHE u scattering on terrestrial atmosphere is 
much less (<C 10“^) effective and it has an angular spread (mostly horizontal) 
not in agreement width the observed UHECRs. Indeed the possibility that neu- 
trino share a little mass has been reinforced by Super-Kamiokande evidence for 
atmospheric neutrino anomaly via oscillation. An additional evidence 

of neutral lepton flavor mixing has been very recently reported also by Solar 
neutrino experiments (SNO, Gallex), accelerator experiment K2k and reactor 
experiment KamLAND. It should be noted that very recent indirect cosmolo- 
gical bound by WMAP experiment are constraining neutrino mass into a very 
narrow window : 0.05eU > > 0.23eU; for this reason we shall discuss a very 

definite low neutrino mass rrij^ in next table and figures. Consequently there are 
at least two main extreme scenario for hot dark halos: either , Ur are both 
extremely light (m^^^ ^ ^ ~ 0.05 eU) and therefore hot dark 

neutrino halo is very wide and spread out to local group clustering sizes (increa- 
sing the radius but loosing in the neutrino density clustering contrast), or z/^, z/^- 
may share degenerated (around eV masses, ignoring more severe WMAP bound) 
split by a very tiny different values. In the latter fine-tuned neutrino mass case 
{rrijy ^ 0.4eU — 1.2eU) the Z peak z/z/^ interaction will be the favorite one; in 
the second case (for heavier non constrained neutrino mass (m^^ >~ 1.5 eU)) 
only a z/z/^ — W^W~ and the additional z/p^ — )► ZZ interactions, (see the 
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cross-section in Fig. 1) [10] considered here will be the only ones able to solve 
the GZK puzzle. Indeed the relic neutrino mass within HDM models in galac- 
tic halo near ~ 4eF, corresponds to a lower Z resonant incoming energy 
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Fig. 1. Z-Showering Energy Flux distribution for different Z- decay channels assuming 
a light (fine tuned) relic neutrino mass rriu = 0.4eF and a resonant incoming neutrino 
energy at 10 ^^ eV energy. In this case following recent solar and atmospheric neutrino 
mass splitting, all the relic neutrino masses are nearly degenerate. This occurs also 
for a relic neutrino mass at rrh, = 0.2eF (in agreement with Cosmic Back ground by 
WMap) and a resonant incoming neutrino energy at 2 • 10^^ eV. In this figure are 
shown total energy percentage distributions into neutrino, nucleons and their antipar- 
ticles, neutral and charged pions and consequent 7 , e'^,e“ particles both from hadronic 
and leptonic Z, WW, ZZ channels. We calculated the electro-magnetic contribution 
due to the t-channel Uii/j interactions as described in previous figure. Most of the 7 
radiation will be degraded around PeV energies by 77 pair production with cosmic 
2.75 K BBR, or with cosmic radio background polluting both MeV up to GeV energy 
background. For large neutrino flux 10^ eV cm~^ sr~^ at 10^^ eV these cur- 
ves are marginally consistent with present bounds while fitting UHECR at AGASA 
fluence, for a tiny neutrino mass rriu — 0.4eF. For lower HIRES data the needed flux 
reduces to 2 • well compatible with most bounds. 
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Therefore too heavy (> l.beV) neutrino mass are not fit to solve GZK by 
Z-resonance while WW,ZZ showering as well as t-channel showering may natu- 
rally keep open the solution. In particular the overlapping of both the Z and the 
WW, ZZ channels described in Fig.l, for rriy 2.3eF while solving the UHECR 
above GZK they must pile up (by Z-resonance peak activity) events at 5-lO^^eK, 
leading to a correlation with the observed bump in AGASA data at this energy. 
There is indeed a first marginal evidence of such a UHECR bump in AGASA 
and Yakutsk data that may stand for this interpretation. More detailed data 
are needed to verify such conclusive possibility. Most of us consider cosmological 
light relic neutrinos in Standard Model at non relativistic regime neglecting any 
relic neutrino momentum term. However, at lightest mass values the momen- 
tum may be comparable to the relic mass; the spectra may reflect additional 
relic neutrino-energy injection which are feeding standard cosmic relic neutrino 
at energies much above the same neutrino mass. It can be easily estimated that 
neutrino background due to stellar, Super Nova, GRBs, AGN past activities,, 
presently red-shifted into a KeV-eV p spectra while piling into a relic neutrino 
grey-body spectra, cannot exceed 0.01% of the thermal cosmological neutrinos. 
However in cosmological models of unstable neutrinos and primordial Black Hole 
neutrino evaporation such background may appear quite naturally in c::: eV s ran- 
ges with or without leading to a present radiation dominated Universe. Therefore 
it is worth-full to keep the most general mass and momentum term in the tar- 
get relic neutrino spectra. In this windy ultra-relativistic neutrino cosmology, 
there is no clustering halos and the unique size to be considered is nearly coinci- 
dent with the GZK one, defined by the energy loss length for UHECR nucleons 

20Mpcs). Therefore the isotropic UHECR behavior is guaranteed. The puz- 
zle related to uniform source distribution spectra seems to persist. Nevertheless 
the UHE neutrino- relic neutrino scattering do not follow a flat spectrum (as 
well as any hypothetical u grey body spectra) . This leaves open the opportunity 
to have a relic relativistic neutrino component at eVs energies as well as the 
observed non uniform UHECR spectra. This case is similar to the case of a very 
light neutrino mass much below 0.1 eV. 

This UHECR arrival direction correlation with BL Lac one favors a cosmic 
origination for UHECRs, well above the near GZK volume. In this frame a relic 
neutrino mass [7], [37] rUi, 0.4 eV or (m^^ 0.1 ^ 5 eV) may solve the GZK 

paradox [9] , [10], [43], [42], [16], [38] overcoming the proton opacity being ZeV 
UHE neutrinos transparent (even from cosmic edges to cosmic photon Black 
Body drag) while interacting in resonance with relic neutrinos masses in dark 
halos (Z-burst or Z-WW showering models). The light relic neutrinos are the 
target (the calorimeter) where UHE u ejected by distant (above GZK cut-off) 
sources may hit and convert (via Z boson production and decay) their energy 
into nuclear UHECR. These light neutrino masses do not solve the galactic or 
cosmic dark matter problem but it is well consistent with old and recent solar 
neutrino oscillation evidences [26] , [25] , [3] and most recent claims by KamL AND 
[31] of anti-neutrino disappearance (all in agreement within a Large Mixing 
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Fig. 2. Z-Showering Energy Flux distribution for different channels assuming a light 
(fine tuned) relic neutrino mass rriu = 0.4ey The total detailed energy percentage 
distribution into neutrino, protons, neutral and charged pions and consequent gamma, 
electron pair particles both from hadronic and leptonic Z, WW^ ZZ channels. We also 
calculated the electro-magnetic contribution due to the t-channel v'ii'j interactions as 
described in previous figure. Most of the 7 radiation will be degraded around PeV ener- 
gies by 77 pair production with cosmic 2.75 K BBR, or with cosmic radio background. 
The electron pairs instead, are relics of charged pions losing energies into synchrotron 
radiation. Note that the nucleon injection energy fits the present AGASA data a corre- 
sponding tiny neutrino mass rriu — 0.4eP, Lighter neutrino masses are able to modulate 
UHECR at higher energies. 



Angle neutrino model and ~ 7 • 10“^eV'^) ; these light masses are also in 

agreement with atmospheric neutrino mass splitting (Am^^ ^ 0.07 eV) and in 
fine tune with more recent neutrino double beta decay experiment mass claim 
0.4 eV [32]. In this Z-WW Showering for light neutrino mass models large 
fluxes of UHE v are necessary, [10], [42] [16], [38], [30] or higher than usual gray- 
body spectra of target relic neutrino or better clustering are needed [16] [39]: 
indeed a heaviest neutrino mass ~ 1.2 — 2.2 eV while still being compatible 
with known bounds (but marginally with more severe WMAP indirect limits), 
might better gravitationally cluster leading to denser dark local-galactic halos 
and lower neutrino fluxes [16] [39]. It should remarked that in this frame the 
main processes leading to UHECR above GZK are mainly the WW-ZZ and the 
t-channel interactions [10], [16]. These expected UHE neutrino fluxes might and 
must be experienced in complementary and independent tests. 
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Fig. 3. Z-Showering Energy Flux distribution for different channels assuming a lightest 
relic neutrino mass rrii^i — O.leF , rrii ^2 = 0.05eF (as atmospheric mass split requires), 
rriiys = 0.042eF (as solar mass Am = O.OOSeF split implies), able to partially fill the 
highest lO^^eF cosmic ray edges. No suppression for lightest neutrino density has been 
assumed. 
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Fig. 4. As in figure above for not degenerated neutrino mass m^i = 0.05eF (as at- 
mospheric mass split), mty 2 = O.OOSeF (as solar mass split), = O.OOleF (nearly 
massless ultra-relativistic z/r) assuming an incoming UHE neutrino energy spectra ex- 
tending up to GUT energies: EuC:i 8* 10^^ —4* 10^^ eV .Only hadronic shower are shown 
for sake of simplicity. A suppression for lightest neutrino densities has been assumed. 
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3 UHECRs Skimming on High Atmosphere 

Let us now briefly reconsider the nature of common Ultra High Cosmic Rays 
(UHECR) showers. Most of them will be vertically showering to the Earth. 
EUSO detector, a telescope looking to the terrestrial atmosphere in the dark of 
the night, might count and test them. Some of the UHECR may skim the high 
altitude atmosphere, see Fig. 5. These UHECR rate will offer a useful background 
for any additional UHE neutrino air-shower signal. Let us assume for sake of 
simplicity a characteristic opening angle of EUSO telescope of 30*^ and a nominal 
satellite height of 400 km, leading to an approximate atmosphere area (field of 
view) under inspection of EUSO ~ 1.5 • 10^A:m^. Let us discuss the UHECR 
shower: It has been estimated (and it is easy to verify) a ~ 2 • 10^ event/year 
rate above 3 • 10^^ eV. Among these ”GZK” UHECR (either proton, nuclei 
or 7 ) nearly 7.45% 150 event/year will shower in Air Horizontally with no 

Cherenkov hit on the ground. The critical angle 6.7^ corresponding to 7.45% of 
all the events, is derived from first interacting quota (here assumed for Horizontal 
Hadronic Shower near 44 km following [ 11 ] [13] [14]): indeed the corresponding 
horizontal edge critical angle 6^ = 6.7^ below the horizons (tt/2) is found (for 

an interacting height h near 44 km): Oh = arccos l®y^ ^ 




Fig. 5. A very schematic Horizontal High Altitude Shower (HIAS); its fan-like im- 
print is due to geo-magnetic bending of charged particles at high quota (~ 44km). 
The Shower may point to a satellite as old gamma GRO-BATSE detectors or very 
recent Beppo-Sax,Integral, HETE, Chandra or future Agile, Glast or Swift ones. The 
HIAS Showers is open and forked in five (or three or at least two main component): 
(e^, e~, /i“ , 7 , or just positive- negative) ; these multi-finger tails may be seen by 
EUSO as an horizontal shower splitting into two-three forked tails. 

These Horizontal High Altitude Showers (HIAS) [13] [14], Fig.5 will be able 
to define a new peculiar showering, mostly very long (hundred kms) and bent 
and forked (by few or several degrees) by local geo-magnetic fields. The total 
UHECR above 3 • 10 ^^ eV will be ~ 6000 UHECR and ~ 450 Horizontal Shower 
within 3 years; these latter horizontal signals are relevant because they may 
mimic Horizontal induced z/ Air-Shower, but mainly at high quota (> 30 — 40km) 
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Fig. 6. Neutrino, Gamma and Cosmic Rays Fluence Thresholds and bounds in different 
energy windows. The Cosmic Rays Fluence threshold for EUSO has been estimated 
for a three year experiment lifetime. The paraboloid bound shape threshold may differ 
upon the EUSO optics and acceptance. Competitive experiment are also shown as well 
as the Z-Shower expected spectra in light mass values. 



and down-ward. On the contrary UHE neutrino tau showering, HORTAUs, to 
be discussed later, are also at high quota (> 23km), but upward-horizontal. 
Their outcoming angle will be (> 0.2*^ — 3^) upward. Therefore a good angular 
(< 0.2 — 0.1^) resolution to distinguish between the two signal will be a key 
discriminator. While Horizontal UHECR are an important piece of evidence in 
the UHECR calibration and its GZK study , at the same time they are a severe 
back-ground noise competitive with Horizontal- Vertical GZK Neutrino Showers 
originated in Air, to be discussed below. However Horizontal-downward UHECR 
are not confused with upward Horizontal HORTAUs by UHE neutrinos to be 
summirized in last section. Note that Air-Induced Horizontal UHE neutrino as 
well as all down-ward Air-Induced UHE u will shower mainly at lower altitudes 
(< 10km) ; however they are respectively only a small (< 2%, < 8%) fraction 
than HORTAUs showers to be discussed in the following. An additional factor 
3 due to their three flavour over r unique one may lead to respectively (< 6%, 
< 24%) of all HORTAUs events: a contribute ratio that may be in principle an 
useful test to study the balanced neutrino flavour mixing. The expected fluxes 
are shown in Fig. 6. 
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4 High Energy Tau Showering on top Earth Atmosphere 

While longest /i tracks in km^ underground detector have been, in last three 
decades, the main searched UHE neutrino signal, Tau Air-showers by UHE neu- 
trinos generated in Mountain Chains or within Earth skin crust, see Fig. 7 up 
to GZK (> 10^^ eV) or upward Fig. 8 within PeV-EeV energies, have been re- 
cently proved to be a new powerful amplifier in Neutrino Astronomy [15] [11] 
[6] [34] [23]. This new Neutrino r detector will be (at least) complementary to 
present and future, lower energy, v underground km^ telescope projects (from 
AMANDA, Baikal, ANTARES, NESTOR, NEMO, IceCube). In particular Ho- 
rizontal Tau Air shower may be naturally originated by UHE at GZK energies 
crossing the thin Earth Crust at the Horizon showering far and high in the at- 
mosphere [11] [13] [14] [6] [23]. UHE are abundantly produced by flavour 
oscillation and mixing from muon (or electron) neutrinos, because of the large 
galactic and cosmic distances respect to the neutrino oscillation ones (for already 
known neutrino mass splitting). Therefore EUSO may observe many of the above 
behaviours and it may constrains among models and fluxes and it may also an- 
swer open standing questions. We will briefly enlist, in this presentation, the 
main different signatures and rates of UHECR versus UHE v shower observable 
by EUSO at 10% duty cycle time within a 3 year record period, offering a more 
accurate estimate of their signals. Let us first consider the last kind of Upward 




Fig. 7. As above Horizontal Upward Tau Air-Shower (HORTAUS) originated by UHE 
neutrino skimming the Earth: fan-like jets due to geo-magnetic bending shower at high 
quota (~ 23 — 40A:m): they may be pointing to an orbital satellite detector . The Shower 
tails may be also observable by EUSO just above it. 



r signals due to their interaction in Air or in Earth Crust (UPTAUs)Fig.Q. The 
Earth opacity will filter mainly 10^^ lO^^eV upward events [35] [33] [1] [8] [11]; 
therefore only the direct zz shower in air or the UPTAUs around 3 PeVs will be 
able to flash toward EUSO in a narrow beam (2.5 • 10“^ solid angle) jet blazing 
apparently at lO^^^lO^^eV energy. The shower will be opened in a fan like shape 
and it will emerge from the Earth atmosphere spread as a triplet or multi-dot 
signal aligned orthogonal to local terrestrial magnetic field. This rare multi-dot 
polarization of the outcoming shower will define a characteristic signature easily 
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Fig. 8. A very schematic Upward Tau Air-Shower (UPTAUs) and its open fan-like jets 
due to geo-magnetic bending at high quota (~ 20 — 30A:m). The gamma Shower may be 
pointing to an orbital detector. Its vertical Shower tail may be spread by geo-magnetic 
field into a thin eight-shape beam observable by EUSO as a small blazing oval (few 
dot-pixels) aligned orthogonal to the local magnetic field . 




Fig. 9. Lepton r (and /i) Interaction Lengths for different matter densities: Rr^ is the 
free r length,i?T-^^^ is the New Physics TeV Gravity interaction range at corresponding 
densities, combined r Ranges keeping care of all known interactions 
and lifetime and mainly the photo- nuclear interaction. There are two slightly different 
split curves (for each density) by two comparable approximations in the interaction 
laws. Note also the neutrino interaction lenghts above lines Rweakp — Lj, due to the 
electro-weak interactions at corresponding densities. 
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Fig. 10. UPTAUs (lower bound on the center) and HORTAUs (right parabolic curves) 
sensibility at different observer heights h (2, 5, 25, 500A;m) looking at horizons toward 
Earth seeking upward Tau Air-Showers adapted over a present neutrino flux estimate 
in Z-Shower model scenario for light (0.4 — 0.04 eV) neutrino masses two corre- 
sponding density contrast for relic light neutrino masses has been assumed; the lower 
parabolic bound thresholds are at different operation height, in Horizontal (Crown) 
Detector facing toward most distant horizons edge; these limits are fine tuned (as dis- 
cussed in the text) in order to receive Tau in flight and its Shower in the vicinity of the 
detector; we are assuming a duration of data records of a decade comparable to the 
BATSE record data . The parabolic bounds on the EeV energy range in the right sides 
are nearly un-screened by the Earth opacity while the corresponding UPTAUs bounds 
in the center below suffer both of Earth opacity as well as of a consequent shorter Tau 
interaction lenght in Earth Crust, that has been taken into account. 




to be revealed. However the effective observed air mass by EUSO is not 10% 
(because duty cycle) of the inspected air volume ~ 150/cm^, but because of the 
narrow blazing shower cone it corresponds to only to 3.72 • 10”^ km^ . The target 
volume increases for upward neutrino Tau interacting vertically in Earth Crust 
in last matter layer (either rock or water), see Fig. 9, making upward relativistic 
~ SPeVs T whose decay in air born finally an UPTAUs; in this case the effec- 
tive target mass is (for water or rock) respectively 5.5 • or 1.5 • 10“^ 

km^. The characteristic neutrino interaction are partially summirized in Fig. 9. 
The consequent r and /i interactions lenght are also displayed. These lenghts 
and consequent volume are not extreme. The consequent foreseen thresholds for 
UPTAUs observed from mountains at quota h{km) are summirized in Fig. 10 for 
3 EUSO years of data recording in Fig.ll. The UPTAUs signal is nearly 15 times 
larger than the Air-Induced Upward u Shower hitting Air. A more detailed ana- 
lysis may show an additional factor three (due to the neutrino flavours) in favor 
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Fig. 11. Upward Neutrino Air-Shower and Upward Tau Air-shower, UPTAUs, Gamma 
and Cosmic Rays Fluence Thresholds and bounds in different energy windows for dif- 
ferent past and future detectors. The UPTAUs threshold for EUSO has been estimated 
for a three year experiment lifetime. BATSE recording limit is also shown from height 
h = 500 and for ten year record. Competitive experiment are also shown as well as 
the Z-Shower expected spectra in light neutrino mass values rriu = 0.4, 0.04 eV. 



of Air-Induced Showers, but the more transparent role of PeV multi-generating 
upward while crossing the Earth, makes the result summirized in Fig. 11. 
The much wider acceptance of BATSE respect EUSO and the consequent better 
threshold (in BATSE) is due to the wider angle view of the gamma detector, 
the absence of any suppression factor as in EUSO duty cycle, as well as the 10 
(for BATSE) over 3 (for EUSO) years assumed of record life-time. Any minimal 
neutrino fluence of PeVs energetic neutrino: > 10^ eVcm~‘^s~^ might 

be detectable by EUSO. 



5 Air Induced UHE u Shower 

UHE 1 / may hit an air nuclei and shower vertically or horizontally or more 
rarely nearly up- ward: its trace maybe observable by EUSO preferentially in 
inclined or horizontal case. Indeed Vertical Down-ward (0 < 60^) neutrino in- 
duced Air Shower occur mainly at lowest quota and they will only partially 
shower their UHE u energy because of the small slant depth (< 10^^cm~^) in 
most vertical down- ward UHE u shower. Therefore the observed EUSO air mass 
(1500/um^, corresponding to a ~ 150 km^ for 10% EUSO record time) is only 
ideally the UHE neutrino calorimeter. Indeed inclined ^ 6 > 60^) and horizontal 
Air-Showers (^ ^ > 83^) (induced by GZK UHE neutrino) may reach their ma- 
ximum output and their event maybe observed ; therefore only a small fraction 
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30% corresponding to ~ 50 kw? mass- water volume for EUSO observation) 
of vertical downward UHE neutrino may be seen by EUSO. This signal may be 
somehow hidden or masked by the more common down- ward UHECR showers. 
The key reading signature will be the shower height origination: (> AQkm) for 
most downward-horizontal UHECR, (< lO/cm) for most inclined-horizontal Air 
UHE V Induced Shower. A corresponding smaller fraction (~ 7.45%) of totally 
Horizontal UHE neutrino Air shower, orphan of their final Cherenkov fiash, in 
competition with the horizontal UHECR, may be also clearly observed: their ob- 
servable mass is only VAir-u-Hor ~ 11-1 km^ for EUSO observation duty-cycle. 
See Fig. 12. A more rare, but spectacular, double bang in Air (comparable 
in principle to the PeVs expected ’’double bang” in water [36]) may be exciting, 
but very difficult to be observed. 

The EUSO effective calorimeter mass for such Horizontal event is only 10% 
of the UHE z/ Horizontal ones ((~ 1.1 km^))] therefore its event rate is already 
almost excluded needing a too high neutrino fluxes (see [20] ) ; indeed it should be 
also noted that the EUSO energy threshold (> 3T0^^eV) imply such a very large 
r Lorents boost distance; such large r track exceed (by more than a factor three) 
the EUSO disk Area diameter (~ 450km); therefore the expected Double Bang 
Air-Horizontal-Induced u Shower thresholds are suppressed by a corresponding 
factor. More abundant single event Air-Induced u Shower (Vertical or Horizontal) 
are facing different Air volumes and quite different visibility. It must be taken 
into account an additional factor three (for the event rate) (because of three light 
neutrino states) in the Air-Induced v Shower arrival flux respect to incoming 

(and ) in UPTAUs and HORTAUs, making the Air target not totally a 
negligible calorimeter. 

There are also a sub-category oiur - r ” double bang” due to a first horizontal 
UHE Vr charged current interaction in air nuclei (the first bang) that is lost 
from the EUSO view; their UHE secondary r fly and decay leading to a Second 
Air-Induced Horizontal Shower, within the EUSO disk area. These horizontal 
’’Double-Single r Air Bang” Showers (or if you like popular terminology, these 
Air-Earth Skimming neutrinos or just Air-HORTAU event) are produced within 
a very wide Terrestrial Crown Air Area whose radius is exceeding ^ 600 — 800 
km surrounding the EUSO Area of view. However it is easy to show that they 
will just double the Air-Induced v Horizontal Shower rate due to one unique 
flavour. Therefore the total Air-Induced Horizontal Shower (for all 3 flavours 
and the additional r decay in flight) are summirized and considered in next 
figure. The relevant UHE neutrino signal, as discussed below, are due to the 
Horizontal Tau Air- Showers originated within the (much denser) Earth Crust: the 
called HORTAUs (or Earth Skimming z/^-). 
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Fig. 12 . EUSO thresholds for Horizontal and Vertical Downward Neutrino Air indu- 
ced shower over other 7 , ly and Cosmic Rays (C.R.) Fluence and bounds. The Fluence 
threshold for EUSO has been estimated for a three year experiment lifetime. Compe- 
titive experiments are also shown as well as the Z-Shower expected spectra in light 
neutrino mass values {nriu = 0.04,0.4 eV). 



6 Horizontal Tan from Earth Skin: HORTAUs 



As already mention the UHE u astronomy maybe greatly amplified by ap- 
pearance via flavour mixing and oscillations. The consequent scattering of on 

the Mountains or into the Earth Crust may lead to Horizontal Tau Air-Showers 
rHORTAUs (or so called Earth Skimming Showers [13] [14] [11] [23]). Indeed 
UHE Vr may skip below the Earth and escape as r and finally decay in flight, 
within air atmosphere, as well as inside the Area of view of EUSO, as shown in 
Fig. below. 

Any UHE-GZK Tau Air Shower induced event is approximately born within 
a wide ring (whose radiuses extend between R > 300 and R < 800 km from 
the EUSO Area center). Because of the wide area and deep r penetration [11] 
[17] [19] the amount of interacting matter where UHE v may lead to r is huge 
(> 2 • 10^ km^); however only a tiny fraction of these HORTAUs will beam and 
Shower within the EUSO Area within EUSO. We estimate an effective Volumes 
for unitary area: 



Veff 
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Fig. 13. A schematic Horizontal High Altitude Shower or similar Horizontal Tau Air- 
Shower (HORTAUs) and its open fan-like jets due to geo-magnetic bending seen from a 
high quota by EUSO satellite. The image background is moon eclipse shadow observed 
by Mir on Earth. The forked Shower is multi-finger containing a inner 7 core and 
external fork spirals due to e'^e“ pairs (first opening) and pairs. 



Where W// is the effective volume where Ultra High Energy neutrino interact 
while hitting the Earth and lead to escaping UHE Tau: this volume encompass 
a wide crown belt, due to the cross-section of neutrino Earth skimming along 
a ring of variable radius , cos 9) and a corresponding skin crown of variable 
depth /t-. Al 0 is the total terrestrial area, Ir is the tau interaction lenght, is 
the Ultra High Energy Neutrino tau interaction (charged current) in matter. The 
geometrical quantities are defined in reference [17] while Aeuso is the EUSO 
field of view Area. The more severe and realistic suppression factors should be 
included in present analytical derivation: first , the exponential decay of air den- 
sity at highest (derived in Appendix , see reference [11]); secondly the Earth 
Crust opacity at each integral step, already introduced in previous exact Vef f 
estimate; third, the neutrino energy degradation by neutral current interactions 
and mainly the charged current production of tau whose energy losses are con- 
straining the detectable volume from EUSO . Assuming two limit cases (Earth 
all in water or only a thin water layer of terrestrial water no deeper than 4.5/cm 
in depth ) one finds: 
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Where 0i is the opening angle observed at horizon toward the first terrestrial 
radius step (ocean -inner rock) and it is 9\ = 1.076^. The effective volume 
assuming an outcoming Tau at energy E^- = 3 • becomes T4// = 5.5 • 

10^/cm^ and the event rate is Nev = 7.7 in three years (see Fig. 14). A more 
accurate estimate offers a slightly lower value. The maximum of the volume 
occurs at a Tau energy = 2 - and it correspond to a volume Veff = 

7.5 • 10^ km^. As it is manifest from the above curve the maximal event numbers 
takes place at EeV energies. Therefore from here we derived the primary interest 
for EUSO to seek lowest threshold (as low as lO^^eU). The above expression for 
the horizontal tau air-shower contains , at lowest energies, the UPTAUs case. 
Indeed it is possible to see that the same above effective volume at lowest energies 
simplify and reduces to: 






eff 



= u 



Euso 



(3) 



Because one observes the Earth only from one side the Area factor in eq. 1 should 
be A .0 = 2tt and therefore the half in above formula may be dropped and 
the final result is just the common expression Veff = Aeuso It- 



7 Event Rate for GZK Neutrinos at EUSO 

The above effective volume should be considered for any given neutrino flux to 
estimate the outcoming EUSO event number. Here we derive first the analy- 
tical formula. These general expression will be plot assuming a minima GZK 
neutrino flux just comparable to observed UHECR one (j)y ~ (!>uhecr — 
3 * 1 at the same energy {E^^ = Euhecr — lO^^eU). This 

assumption may changed at will (model dependent) but the event number will 
scale linearly accordingly to the model. From here we may estimate the event 
rate in EUSO by a simple extension: 

^eventi ~ TJEuso^^ ^ 

Where tjeuso is the duty cycle fraction of EUSO, tjeuso — 10%, At ~ 3 years 
and has been defined in Fig. 8 . 

^eventi ~ Aeuso ( 2 9 Euso) At • 




( 5 ) 
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Fig. 14. A diagram describing the possible incoming neutrino trajectory and the 
consequent outcoming tau whose further decay in flight is the source of HORTAUs 
within the terrestrial atmosphere. 



It should be remind that all these event number curves for EUSO are already 
suppressed by a factor 0.1 due to minimal EUSO duty cycle. 

However the Air-Shower induced neutrino may reflect all three light neutrino 
flavours, while HORTAUs are made only by flavour. Nevertheless the do- 

minant role of HORTAUs overcome (by a factor > 6) all other Horizontal EUSO 
neutrino event at lowest energy edges lO^^eV: their expected event rate are, at 

> 3 • 10^ eV neutrino fiuence, as in Z-Shower model in Fig. 15, a 

few hundred event a year and they may already be comparable or even may 
exceed the expected Horizontal CR rate. Dash curves for both HORTAUs and 
Horizontal Cosmic Rays are drawn assuming an EUSO threshold at lO^^eV. Be- 
cause the bounded r flight distance (due to the contained terrestrial atmosphere 
height) the main signal is better observable at 1.1 • lO^^eV than higher energies 
as emphasized in Fig. 16 at different curves. 
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Fig. 15. EUSO thresholds for Horizontal Tau Air-Shower HORTAUs (or Earth Skim- 
ming Showers) over few 7 , v and Cosmic Rays (C.R.) Fluence and bounds. Continuous 
and dashed curve for HORTAUs are drawn assuming respectively an EUSO threshold 
at 3 • lO^^eV and at lower lO^^eV values. Because the bounded r flight distance (due 
to the contained terrestrial atmosphere height) the main signal is better observable at 
1.1 • lO^^eV than higher energies. The Fluence threshold for EUSO has been estimated 
for a three year experiment lifetime. Z-Shower or Z-Burst expected spectra in light 
neutrino mass values {jriv — 0.04, 0.4 eV) are shown. 



8 Partially, Fully Contained and Crossing Events 

The HORTAUs are very long high altitude showers. Their lenght may exceed two 
hundred kilometers. This trace may be larger than the EUSO radius of Field of 
View. Therefore there may be both contained and partially contained events. 
There may be also crossing HORTAUs at the edges of EUSO disk area. Howe- 
ver most of the events will be partially contained, either just on their birth or 
at their end, equally balanced in number. Because of the HORTAU Jet forked 
shower, its up-going direction, its fan like structure (see Fig.7, Fig.8, Fig. 13), 
these partially contained shower will be the manifest and mostly useful and 
clear event. The area of their origination, four times larger than EUSO field of 
view, will be mostly outside the same EUSO area. Their total number count 
will double the event rate (and the corresponding Eg//) of HORTAUs. The 
additional crossing event will make additional events (a small fraction) of the 
effective volume of HORTAUs at lO^^eU the most rich neutrino signal few times 
larger the Air induced events. The same doubling will apply only to UHECR ho- 
rizontal shower while the downward Ultra High Energy Neutrino will not share 
this phenomena (out of those 6% of the Horizontal Air Neutrino Shower). 
Highest Energy Neutrino signals may be well observable by next generation 
satellite as EUSO: the main revolutionary source of such neutrino traces are 
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Fig. 16. EUSO thresholds for Horizontal Tau Air-Shower shower, HORTAUs (or Earth 
Skimming Showers) over all other 7 , v and Cosmic Rays (C.R.) Fluence and bounds. 
The Fluence threshold for EUSO has been estimated for a three year experiment life- 
time. Competitive experiment are also shown as well as the Z-Shower expected spectra 
in light neutrino mass values {rriu — 0.04,0.4 eV). As above dash curves for both 
HORTAUs and Horizontal Cosmic Rays are drawn assuming an EUSO threshold at 
lO^^eV. 



UPTAUs (Upward Tau blazing the telescope born in Earth Crust) and mainly 
HORTAUs (Horizontal Tau Air-Showers originated by an Earth- Skimming UHE 
There are still confusing questions about the Air or the Earth Crust role 
as the ruling neutrino calorimeter. The role of downward Air Showers Induced 
by Neutrinos is apparently related to its impressive volume(VA 2 r c^l500/cm^). 
However these down ward Showers will be observable in a limited solid angle 
(inclined) {VAir <^00km^) at lowest quota. Because of the air opacity their flu- 
orescent lights will be mostly suppressed. Their signal will be naturally drown in 
UHECR ruling noise. There is , moreover for these down-ward neutrino, a much 
better competitive calorimeter in Auger; indeed this experiment (and maybe its 
twin in North America) might well observe the downward Neutrino Air showe- 
ring and the Auger Area (3000/cm^) with no duty cycle cut-off, and within its 
full solid angle view, it may well compete and even it will exceed the effective 
volume of Air in Field of View of EUSO. On the other side lower energetic 
UPTAUs (at PeV energies because the Earth neutrino opacity at higher ener- 
gies) will be rarely blazing to EUSO because of the short r boosted lenght, at 
Pevs energies [11]; most of these UPTAUs events occur on Earth crust (by a fac- 
tor of four- five) over other events taking place in air. UPTAUs will be detected 
at the boundary of EUSO disk as a thin stretched small multi-pixel line, whose 
orientation is strongly ’’polarized” orthogonal to the local geo-magnetic field. 
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Fig. 17. Neutrino Flux derived by BATSE Terrestrial Gamma Flashes assuming them 
as 7 secondaries of upward Tau Air-showers. These fluxes are estimated using the data 
from Terrestrial Gamma Flash (1991-2000) normalized during their most active trigger 
and TGF hard activities. The UPTAUs and HORTAUs rate are normalized assuming 
that the events at geo-center angle above SO"" might be of HORTAU nature. 



The EUSO sensibility (effective volume (Veff^ O.lkm^) will be nearly just an 
order of magnitude above present AMANDA-Baikal bounds. However the most 
relevant Horizontal Tau Air-Shower, HORTAUs at GZK energies will be better 
searched and revealed at best at lowest EUSO thresholds. They are originated 
along huge Volumes around the EUSO Area. Their horizontal skimming secon- 
dary T decay occur far away > 550 km, at high altitude (> 20-40 km) and they 
will give clear signals very distinguished from any downward horizontal UHECR. 
There are none of such upward UHECR event expected. Therefore there is not 
noise background. HORTAUs are grown by UHE neutrino interactions inside 
huge volumes (Ue//> 2300/cm^) for incoming neutrino energy ~ 10^^ eV. 
Even for the most conservative scenario where a minimal GZK-u fluence must 
take place (at least atiE^^^^ ~ 30eV cm~^ s~^ sr~^ , just comparable to well ob- 
served Cosmic Ray fluence) , a dozen or more of such UHE astrophysical neutrino 
must be observed during three year of EUSO data recording. These HORTAUs 
will be not be observable by other competitive experiment as AUGER. There- 
fore to improve the HORTAU visibility in EUSO one must: a) Improve the fast 
pattern recognition of Horizontal Shower Tracks with their few distant dots with 
forking signature, b) Enlarge the Telescope Radius to embrace also lower 10^^ 
eV energy thresholds where UHE HORTAU neutrino signals are enhanced, c) 
Consider a detection at angular AO and at height Ah level within an accuracy 
AO < 0.2^, Ah <2 km. 
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Even all the above results have been derived carefully following [17] [18] [20] in 
a minimal realistic framework they may be used within 20% nominal value due 
to the present uncertain in EUSO detection capabilities. 



9 Conclusions 

UHECR and Neutrino Astronomy face a new birth. The Neutrino Astronomy 
may be widely discovered by Upward and Horizontal r Air-Showers. The Tau 
neutrinos, born abundantly by flavour mixing will probe such Astronomy above 
PeVs up to EeVs energies, where astrophysics rule over atmospheric neutrino 
noise. The same UHE 17^ at ~ 6.3PeV must be a peculiar neutrino 

astronomy born beyond Mountain Chains [15], [11] with its distinctive signature. 
Past detectors as GRO BATSE experiment might already found some direct 
signals of such rare UPTAUs or HORTAUs; indeed their observed Terrestrial 
Gamma Flash event rate translated into a neutrino induced upward shower (see 
Fig. 17) leads to a most probable flux both at PeVs energies just at a level 
comparable to most recent AMANDA threshold sensitivity: for horizontal TGF 
events at 10^^ eV windows, the signals fit the Z-Burst model needed fluence 
(for neutrino at 0.04 — 0.4 eV masses). Future EUSO telescope detector, if little 
enlarged will easily probe even the smallest, but necessary Neutrino GZK fluxes 
with clear sensitivity (seeFig.16). We therefore expect that a serial of experiment 
will soon turn toward this last and neglected, but most promising Highest Energy 
Tau Neutrino Astronomy searching for GZK or Z-Showers neutrino signatures. 
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Abstract. We show that all features of the ultrahigh energy cosmic ray spectrum from 
10^^ eV to 10^^ eV can be described with a simple power-like injection spectrum of 
protons under the assumption that the neutrino-nucleon cross-section is significantly 
enhanced at center of mass energies above 100 TeV. In our scenario, the cosmogenic 
neutrinos produced during the propagation of protons through the cosmic microwave 
background initiate air showers in the atmosphere, just as the protons. The total air 
shower spectrum induced by protons and neutrinos shows excellent agreement with the 
observations. A particular possibility for a large neutrino-nucleon cross-section exists 
within the Standard Model through electroweak instanton- induced processes. 



1 Introduction 

The spectrum of cosmic rays extends in energy up to almost 10^^ eV. About 
twenty mysterious events were observed above 10^^ eV by five different air sho- 
wer observatories (AGASA [1], Fly’s Eye [2], Haverah Park [3], HiRes [4], and 
Yakutsk [5]). Though some small-angle clustering in the arrival direction of the 
ultrahigh energy cosmic rays (UHECRs) is observed, the overall event distribu- 
tion is isotropic. This indicates that they originate from several, isotropically 
distributed sources. 

Nucleons produced at large distances with energies above the Greisen-Zatse- 
pin-Kuzmin (GZK) cutoff [6] E^gzk~ 4 • 10^^ eV interact with the cosmic micro- 
wave background (CMB) and produce pions which decay into neutrinos. This 
way the nucleons lose their energy during propagation. The typical interaction 
length of nucleons above Eqzk is around 50 Mpc. Thus all events above 10^^ eV 
should originate from small distances. However, no source within a distance of 
50 Mpc is known in the arrival directions of the post-GZK events. The angu- 
lar distribution of UHECRs above Eqzk does not show a correlation with our 
galactic plane which also indicates that they originate from large distances. No 
conventional explanation exists to the problem how can they reach us with en- 
ergies above 10^^ eV without an apparent energy loss. 

At the relevant energies, among the known particles only neutrinos can pro- 
pagate without significant energy loss from cosmological distances to us. It is this 
fact which led, on the one hand, to scenarios invoking hypothetical - beyond the 

* On leave from Institute for Theor. Physics Eotvos University, Budapest, Hungary. 



858 



Z. Fodor et al. 



Standard Model - strong interactions of ultrahigh energy cosmic neutrinos [7] 
and, on the other hand, to the Z-burst scenario [8]. 

Interestingly, the flux of neutrinos coming from the pions produced during 
the propagation of nucleons - the cosmogenic neutrinos [7] - shows a nice ag- 
reement with the observed UHECR flux above E^gzk [9? 10]- Assuming a large 
enough neutrino-nucleon cross-section at these high energies, these neutrinos 
could initiate extensive air showers high up in the atmosphere, like hadrons, and 
explain the existence of the post-GZK events. This large cross-section is usually 
ensured by new types of TeV-scale interactions beyond the Standard Model, 
such as arising through gluonic bound state leptons [11], TeV-scale grand uni- 
flcation with leptoquarks [12], or Kaluza-Klein modes from compactifled extra 
dimensions [13] (see, however. Ref. [14]); for earlier and further proposals, see 
Refs. [15] and [16], respectively. 

In this review we discuss strongly interacting neutrino scenarios to solve the 
GZK problem, and in particular give an example which - in contrast to previous 
proposals - is based entirely on the Standard Model of particle physics. It exploits 
non-perturbative electroweak instanton-induced processes for the interaction of 
cosmogenic neutrinos with nucleons in the atmosphere, which may have a si- 
zeable cross-section above a threshold energy Eth = 0((47rmw/<^w)^)/(2mp) = 
(9(10^^) eV, where mw denotes the W-boson mass and aw the electroweak 
fine structure constant [17, 18, 19]. We present a detailed statistical analysis of 
the agreement between observations and predictions from strongly interacting 
neutrino scenarios. 

Our scenario is based on a standard power-like primary spectrum of protons 
injected from sources at cosmological distances. After propagation, these protons 
will have energies below Eqzki so they can well describe the low energy part of 
the UHECR spectrum. The cosmogenic neutrinos interact with the atmosphere 
and thus give a second component to the UHECR flux, which describes the 
high energy part of the spectrum. The relative normalization of the proton and 
neutrino fluxes is fixed in this scenario, so the low and high energy parts of the 
spectrum are explained simultaneously without any extra normalization. Details 
of this analysis can be found in Ref. [20]. 

The structure of this review is as follows. In the next section we give the fluxes 
of protons and cosmogenic neutrinos both at their production and at detection. 
In Sect. 3 the possibility of using electroweak instantons as a source for large 
cross-section is discussed and the induced air shower rate is calculated. In Sect. 
4 we compare the predictions with observation and determine the goodness of 
fit, while conclusions are given in Sect. 5. 

2 Proton and Cosmogenic Neutrino Fluxes 

We start with a power-like injection spectrum per co-moving volume of protons 
with energy Ei, spectral index a, and redshift (z) evolution index n, 

jp = jo Er^ (1 -f- 0{E^^^ - Ei) 0{z - Zmin) 6^(^max ~ z) . (l) 
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Here, jo is a normalization factor, E’max is the maximal energy, which can be 
reached through astrophysical accelerating processes in a bottom-up scenario, 
and ^^min/max takcs into account the absence of nearby /very early sources. The 
overall normalization jo will be fixed by the observed fiux, and our predictions 
are quite insensitive to the specific choice for ^max, ^min? ^max? within their 
anticipated values. The main sensitivity arises from the spectral parameters a 
and n, for which we determine the 1- and 2-sigma confidence regions in Sect. 4. 

The propagation of particles can be described [9, 21] by P 5 |^(r, func- 

tions, which give the expected number of particles of type b above the threshold 
energy E if one particle of type a started at a distance r with energy Ei. With 
the help of these propagation functions, the differential fiux of protons (h = p) 
and cosmogenic neutrinos {b = at earth can be given as 



1 r 

= ,E.I 



dr(-) 



dPb\p{r, Ei; E) 
dE 



jp^Ti ) • 



( 2 ) 



In our analysis we go, according to dz = (1 + H{z) dr/c, out to distances Pmax 
corresponding to ^^max = 2 (cf. Ref. [22]), while we choose ^^min = 0.012 in order 
to take into account the fact that within 50 Mpc there are no astrophysical sour- 
ces of UHECRs. We use the expression H‘^{z) = Hq [^Im (1 z)^ + for the 

relation of the Hubble expansion rate at redshift 2 : to the present one. Uncertain- 
ties of the latter, Hq = h 100 km/s/Mpc, with h = (0.71 ± 0.07) Xq;^! [23], are 
included. Qm and flyi, with Qm -h Qa = 1? are the present matter and vacuum 
energy densities in terms of the critical density. As default values we choose 
Om =0.3 and Qa = 0.7, as favored today. Our results turn out to be rather 
insensitive to the precise values of the cosmological parameters. 

We calculated P 5 |a(r, E) in two steps, ij First, the SOPHIA Monte-Carlo 
program [24] was used for the simulation of photohadronic processes of protons 
with the CMB photons. For e+e~ pair production we used the continuous energy 
loss approximation, since the inelasticity is very small 10“^). We calculated 
the Pi)\a functions for “infinitesimal” steps (1-10 kpc) as a function of the 
redshift z. We multiplied the corresponding infinitesimal probabilities starting 
at a distance r{z) down to earth with z = 0. 

Since the propagation functions are of universal usage, we decided to make 
the latest versions of — SP^i^/^P available for the public via the World- Wide- 
Web URL www.desy.de/~uhecr . 



3 Neutrino Induced Air Shower Rate 

The main assumption of our scenario is that the neutrino-nucleon cross-section 
suddenly becomes much larger than ^ 1 mb above center of mass energies 
y/s ^ 100 TeV. In this case, the corresponding neutrino interaction length = 
TUpla^^, with -1- falls below Xo = 1031 g/cm^ - the vertical 

depth of the atmosphere at sea level - above the threshold energy 10^^ eV. 
Here and denote the charged current and the new contribution to 
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the cross-section. Above the neutrino threshold energy, the atmosphere becomes 
opaque to cosmogenic neutrinos and most of them will end up as air showers. 
Quantitatively, this fact can be described by 



Fl{E) = F,{E) 



_ 

1-e , 



(3) 



which gives the spectrum of neutrino-initiated air showers, for an incident cosmo- 
genic neutrino flux FF^.] from Eq. (2), in terms of the atmospheric 

depth X{0)^ with 6 being the zenith angle. 

Such suddenly increasing cross-sections have been proposed in various models 
involving physics beyond the Standard Model [11, 12, 13, 14, 15, 16]. In Fig. 1 we 
show another example which is based entirely on the Standard Model exploit- 
ing non-perturbative electroweak instanton-induced processes [17, 18, 19]. Our 
quantitative analysis [20] was based on this cross-section, however it is expected 
to be insensitive to the exact form of it as long as it rises abruptly far above 
1 mb. Note that such a behaviour is consistent with present upper bounds on 
electroweak instanton-induced cross-sections [26]. It should be noted that such 
a cross-section will lead, via dispersion relations, to lower energy deviations of 
Standard Model predictions for elastic scattering from their perturbative values. 
However, it is easily checked that, for the one shown in Fig. 1 (top), these cor- 
rections will be unobservably small in the energy regime available at present 
accelerators [27]. 



4 Comparison with UHECR Data 

The predicted air shower rate induced by protons and neutrinos is given by 

Tpred(-£'5 ^7 ^5 -£'max7 ^max? Jo) ~ -^(-^5 •••)“!“ • • • ) • (4) 

We performed a statistical analysis to compare (4) with the observations and 
presented a measure for the goodness of the scenario [20] . We gave the best fit to 
the observations and the 1- and 2-sigma confidence regions in the (a,n) plane. 

UHECR collaborations usually publish their results for the detected fluxes in 
a binned form. The first step of our analysis is to convert these fluxes into event 
numbers in each bin. We use the most recent results of the HiRes and AGASA 
collaborations and do our analysis separately with both data sets. We use the 
energy range 10^^-^ eV - 10^^ eV which is divided into 38 equal logarithmic bins. 
In the low energy region, there are no published results available from AGASA 
and only low statistics results from HiRes-2. Therefore, we included the results 
of the predecessor collaborations - Akeno [28] and Fly’s Eye, respectively - into 
the analysis. 

The goodness of the scenario is determined by a statistical analysis. We 
determined the compatibility of different (a,n) pairs with the experimental data. 
For some fixed (a,n) pair, the expected number of events in individual bins are 
(A = {Ai,...,A^} with r being the total number of bins (in our case 38). The 
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Fig. 1. Top: Prediction of the electroweak instanton-induced neutrino- nucleon cross- 
section (solid) in comparison with the charged current cross-section (dotted) 
from Ref. [25], as a function of the neutrino energy Ei, in the nucleon’s rest frame. 
Bottom: Neutrino interaction length due to combined effects of charged current inter- 
actions and instanton-induced processes. 



probability of getting an experimental outcome k = (where ki are 

non-negative integer numbers) is given by the probability distribution function 
P(k), which is just the product of Poisson distributions for the individual bins. 
It is easy to include also the 30% overall energy uncertainty into the P(k) 
probability distribution. We denote the experimental result by s = 
where the s^-s are non-negative, integer numbers. The (a,n) pair is compatible 
with the experimental results if 
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P(k)<c. (5) 

k|P(k)>P(s) 



For a l-(or 2-)sigma compatibility one takes c=0.68 (or c=0.95), respectively. 
The best fit is found by minimizing the sum on the left hand side. 

Since we have 38 variables, it is practically impossible to calculate the sum 
in equation (5) exactly. If we rewrite it as 



k|P(k)>P(s) 



EkP(k)^[P(k)-P(s)] 

EkP(k) 



( 6 ) 



then we can calculate this sum approximately using an importance sampling 
based Monte-Carlo technique. We have to generate the components of k with 
Poisson distribution and take only those in the sum, for which P(k) > P(s). 

Figure 2 (top) shows our best fits for the AGASA and for the HiRes 
UHECR data. The best fit values are a = 2.68(2.68) and n = 2.65(2.9), for 
AG AS A (HiRes). We can see very nice agreement with the data within an energy 
range of nearly four orders of magnitude. The fits are insensitive to the value of 
^max as far as we choose a value above 3 • 10^^ eV. The shape of the curve bet- 
ween 10^^ eV and 10^^ eV is mainly determined by the redshift evolution index 
n. At these energies the universe is already transparent for protons created at 
z ^ 0 while protons from sources with larger redshift accumulate in this region. 
The peak around 4-10^^ eV shows the accumulation of particles due to the GZK 
effect. Neutrinos start to dominate over protons at around 10^^ eV. 

It is important to note that, if we omit the neutrino component, then the 
model is ruled out on the 3-sigma level for both experiments. This is due to the 
fact that we excluded nearby sources by setting z^in 0 (see also Ref. [29]). A 
choice of = 0 makes the HiRes data compatible with a proton-only scenario 
on the 2-sigma level (see also Refs. [4, 30]). 

Figure 2 (bottom) displays the confidence regions in the (o;,n) plane for 
AGASA and HiRes. The scenario is consistent on the 2-sigma level with both 
experiments. For HiRes, the compatibility is even true on the 1-sigma level. It 
is important to note that both experiments favor the same values for ol and n, 
demonstrating their mutual compatibility on the 2-sigma level (see also Ref. [31]). 

Finally, let us discuss the consistency of our scenario with the currently avai- 
lable limits on deeply penetrating showers from Fly’s Eye [32] and AGASA [33]. 
Taking into account - in distinction to Ref. [34] - the atmospheric attenuation 
of the cosmogenic neutrino flux predicted in our scenario and the uncertainties 
in the estimate of the range of depth within which the shower must originate to 
trigger the array, we find that AGASA should have seen 1-10 quasi- horizontal 
air showers (^^60°) from the electroweak instanton-induced processes during a 
running time of 1710.5 days. This is consistent with AGASA’s present analysis 
of their respective data [33] . The Fly’s Eye upper limit on the product of the to- 
tal neutrino flux times neutrino-nucleon cross-section, (F^^ cr^^)Fiy's Eye [32], in 
the energy range 10^^ ~ eV, can be translated, for a given predicted neutrino 
flux into an upper limit on cr*'^)Fiy's as long as it 
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2 2.5 3 3.5 

n 

Fig. 2. Top: Ultrahigh energy cosmic ray data (Akeno + AG AS A on the upper panel 
and Fly’s Eye + HiRes on the lower panel) and their best fits within the electroweak 
instanton scenario (solid) for Emax = 3 • 10^^ eV, Zmin = 0.012, ^^max = 2 consisting of a 
proton component (dotted) plus a cosmogenic neutrino-initiated component (dashed). 
Bottom: Confidence regions in the a-n plane for fits to the Akeno + AGASA data 
(2-sigma (long dashed)) and to the Fly’s Eye + HiRes data (1-sigma (solid); 2-sigma 
(short-dashed) ) , respectively. 



is smaller than 10 /jh [18, 35]. We find that, for our predicted cosmogenic neu- 
trino flux, the right-hand- side of this inequality is larger than 10 /ib in the whole 
energy range, such that the Fly’s Eye non-observation of quasi-horizontal air 
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showers does not give any constraint. We therefore conclude that our prediction 
of the neutrino-nucleon cross-section, as shown in Fig. 1 (top), does not contra- 
dict any constraints from cosmic ray experiments so far, as long as the ultrahigh 
energy cosmic neutrino flux is at the cosmogenic level we have predicted. 



5 Summary and Conclusions 

We have shown that a simple scenario with a single power-like injection spectrum 
of protons can describe all the features of the UHECR spectrum in the energy 
range 10^^ “ eV. In our scenario, the injected protons produce neutrinos du- 
ring their propagation and these neutrinos are assumed to have large enough 
cross-section to produce air showers high up in the atmosphere. As an example 
we discussed the possibility that Standard Model electroweak instanton-induced 
processes may give a cross section which is suitable for this scenario. The model 
has few parameters from which only two - the power index a and the redshift 
evolution index n - has a strong effect on the flnal shape of the spectrum. We 
found that for certain values of a and n this scenario is compatible with the 
available observational data from the AGASA and HiRes experiments (combi- 
ned with their predecessor experiments. Fly’s Eye and Akeno, respectively) on 
the 2-sigma level (also 1-sigma for HiRes). The ultrahigh energy neutrino com- 
ponent can be experimentally tested by studying the zenith angle dependence 
of the events in the range 10^^ ~ eV and possible correlations with distant 
astrophysical sources [36] at cosmic ray facilities such as the Pierre Auger Ob- 
servatory [37], and by looking for enhanced rates for throughgoing muons at 
neutrino telescopes such as AMANDA [38]. As laboratory tests, one may search 
for a model-independent enhancement in (quasi-) elastic lepton- nucleon scatte- 
ring [27] or for signatures of QCD instanton-induced processes in deep-inelastic 
scattering [39], e.g. at HERA. 
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Abstract. The projects of a neutrino factory and a muon factory and their physics 
motivation are presented, as well as ionization cooling R<^D for a muon collider. The 
plan proposed in Japan is mentioned with emphasis of staging approach from a muon 
factory to a neutrino factory. 



1 Neutrino Factory 

1.1 Introduction 

There have been many experimental evidences for neutrinos being massive and 
mixed. For atmospheric neutrinos, the Super-Kamiokande experiment has ob- 
served the reduction of and the zenis angle dependence of their flux. Later, 
the accelerator-based K 2 K experiment from KEK to Super-Kamiokande con- 
firmed the reduction. It is quit likely that it is caused by — Vr oscillation. 
For solar neutrinos, from the recent measurements by SNOW and KamLAND, 
the neutrino oscillation has been established as the large mixing angle MSW 
solution. 

Those experimental evidences can be parameterized by a 3 x 3 mixing matrix, 
which is called the Maki-Nakagawa-Sakata (MNS) matrix. The MNS matrix 
is analogue to the one in the quark sector, the Cabbibo-Kobayashi-Maskawa 
(CKM) matrix. The parameters in the MNS matrix are three angles (^23, ^13 
and ^12), and a CP- violating phase (S). The MNS matrix elements are given by 

/l/el U,2 Ue^\ 

Umns = U^2 I 

\Url Ur2 UrsJ 

( C12C13 ^ 12^13 ^136“* 

— S12C23 — Ci2S23Sl3e'^^ C12C23 — Si2S23Sl3e'^^ S23C13 

7 A 7 A 

S12S23 — C\2C23Sl3e —C12S23 — 512^23-5136 C23C13 

where Cij = cos Oij and Sij = sin^^j. In addition to the parameters in the MNS 
matrix elements, two mass squared differences of the three neutrinos, Z\m2i(= 
ml — ml) and ^3 “ '^2)7 should be known. The present knowledge 

on the MNS matrix elements is presented in Table 1 [ 2 ]. To study further and 
determine the MNS matrix elements more precisely, a highly intense neutrino 
beam is required. 
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Table 1. Current knowledge on the MNS mixing parameters 



Parameters 


Comments 


\Am, 2 z\ = (2.6 ±0.4) x 10“®eV^ 
sin^ 26>32 = 


from atmospheric neutrinos 


\Amh \ ^7 X lO-^eV^ 


from solar neutrinos 


sin^ 012 ~ 0.3 


Large angle MSW solution (LMA-I) 


Amis < 0.15 


from CHOOZ 


(5 


leptonic CP violating phase, unknown 



1.2 What Is A Neutrino Factory ? 

There are two accelerator-based neutrino sources. One is based on pion decays 
and the other is based on muon decays. The neutrino source based on pion 
decays has been mostly used in the past. It is called a conventional neutrino 
beam.^ This is a prompt neutrino source, and could have wrong-flavored-neutrino 
backgrounds originating from kaon and muon decays at the level of %. Also the 
beam normalization can be known only in a 10 % level or larger. On the other 
hand, the neutrino source based on muon decays has known flavor-contents and 
the beam normalization can be evaluated precisely in principle. 

How can we get a highly intense neutrino source ? A simple way to do this 
is to increase beam power of a proton beam. Although several proton sources of 
a Mega Watt (MW) beam power have been considered in the world, only one 
under construction is the J-PARC project, which is the joint project of KEK 
and JAERI and will be explained later. But, it is not easy to increase proton 
beam power of several MW and beyond. Now, suppose that the beam power is 
limited, what is another possible way to increase intensity of a neutrino beam 
further ? What we could do is to accelerate the parent particles of neutrinos. 
By doing this, the neutrinos moving forward is increased by boosting. The ma- 
gnitude of the increase is proportional to energy squared of the parent particles 
{Eparent), namely Nj, oc E'parenf However, since the pion has a short lifetime, 
it is practically difficult to accelerate pions before they decay. Therefore, only 
the one possible to accelerate is the muon. Note that, since muons are produced 
from pion decays, the yields of pions and muons should be in almost the same 
order, for given a proton beam. 

The accelerated muons, which will not decay in an order of msec at a few 
10 GeV, are stored and circulated in a race-track shape storage ring. Muon 
decays in the straight sections of the storage ring would provide a high intensity 
neutrino beam. An emission angle of neutrinos is given by I/ 7 . For 50-GeV 
muons (Lorentz factory of 7 = 500), the maximum emission angle is about 2 

^ When a proton beam energy of MW class is used, it is sometimes called a super 
(neutrino) beam or a superbeam. 
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mrad and a neutrino beam size of only 20 cm is obtained at 100 m away from 
the ring. This neutrino source based on a muon storage ring is called ” a neutrino 
factory” . 



1.3 Advantages of a Neutrino Factory 

A neutrino factory is needed to make precision measurement of neutrino os- 
cillation at a long baseline. The precision of 10“^ or better will be needed to 
determine all of the physics parameters in the lepton sector. To achieve, a high 
intensity beam of neutrinos with full understanding of beam characteristic is re- 
quired. To meet all the requirements, a neutrino beam from muon decays must 
be the best candidate in the following reasons: 

1. high neutrino-beam intensity at high energy, of 10^® — 10^^ neutrinos/year, 
which is about 100 times intensity at a few 10 GeV energy range. In parti- 
cular, energetic i/g (z^e) beams can be available only at a neutrino factory, 

2. low background of 10“^ — 10“^ level (which is compared with a few % level 
at the pion source), and 

3. precise knowledge on neutrino intensity and emittance. 

At a neutrino factory, the oscillation signature is determined by a wrong- 
signed lepton. For instance, when /x“s are in the muon storage ring, they decay as 
fi~ Thus, the beam contains 50 % neutrinos and 50 % anti- neutrinos. 

The only way to determine evidence of neutrino oscillation is to measure the 
charge of the final state leptons after charged current interaction by neutrinos. 
The oscillation from Ve 17^ would produce a wrong-signed whereas 
from the muon decay produce a right-signed jji ~ . In practice, the discrimination 
of and e~ (before showering) is more difficult than that of and fi~ . And 
therefore, z/g ~ ^ ipe is primarily studied at at a neutrino factory ^ 

1.4 Oscillation Event Rates at a Neutrino Factory 

In the three-generation neutrino mixing, when lAmhl « \Am‘^ 2 \^ oscilla- 
tion probabilities in vacuum are given by 

P{ue « sin^(26>i3) sin^(6>23) sin^ ( ^ 

P{ve Vr) « sin^(26>i3 ) cos^(^ 23) sin^ ^ j^ 27^?7i32-L j ^ 

P{^ui ^t) « cos‘^( 6 »i 3) sin^(26>23) sin^ ^ l-27^m32l> ^ 

From Eq.(l), it is seen that the measurement of P(z/g — > z/^) will determine ^13. 

^ The oscillation mode of Ue z^/x (pe is sometimes called as a ’’golden mode” 

at a neutrino factory. 
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The charged neutrino current rate is given by 



Ncc{^e e ) oc • (TinelaiEfj,) (X , (2) 

where 6iy is an opening angle of the neutrino beam, and the fact that the neutrino 
inelastic interaction (cr^neZa) is proportional to a neutrino energy {< >oc 
is used. Typically, at 1500 km with the muon energy of 30 GeV, 0.5 million 
charged-current events can be expected for a 10 kton detector. 

The oscillation event rate is then given by 

^osci^e ^ AZr ) OC • O' inelai^E • F{Uq V OC = Efj^^ (3) 

where the oscillation probability is assumed to be proportional to P(z^e t^ij) ^ 
L? I E‘^^^ since {Am ^2 ‘ i® sufficiently small. Therefore, to observe more 

neutrino-oscillation events, a higher energy is better. 



1.5 Neutrino Oscillation Physics at a Neutrino Factory 

Major potential topics on neutrino oscillation physics at a neutrino factory are 

• Determination of ^ 13 , 

• Determination of the sign of Am ‘^2 neutrino mass hierarchy), and 

• Search for CP violation in the lepton sector {S). 



Determination of ^13 

The first goal of neutrino oscillation physics would be to determine ^ 13 . Super 
(neutrino) beam programs based on pion decays, such as the JHF-nu experiment, 
will try to address this issue first. Then, a neutrino factory with higher intensity 
would follow to complete the studies. It would be useful to identify the physics 
reaches with the superbeam and a neutrino factory. In general, if sin 2^13 < 
0 . 01 , the conventional beam with a water Cerenkov detector has difficulty to 
discover Ue oscillation. It would not be improved even if the detector size 

becomes larger mostly because of backgrounds from tt^. Therefore, in the case 
of small sin 2 ^ 13 , a neutrino factory is the only possibility to explore the physics 
potentials. The sensitivity to sin^ Ois is shown in Fig.l. 



Determination of the sign of 

Since neutrinos should pass through the earth matter, oscillation is affected by 
the matter effect. With the matter effect, the neutrino oscillation probability 
should be modified. In the assumption of constant density of the matter, they 
are given by 
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Fig. 1. Sensitivity to sin^ ^13 with a neutrino factory (z/Fact) and conventional pion- 
based superbeams. 



= sin^ ^23 sin^( 2 ^^^ sin^( 

P{pe Pfj.) = sin^ 623 sin^ ( 



2 

^(+)l 

2 



) 

) 



(4) 



where A = \/2GFNe stands for the effect of matter of the earth, and iVg and 
Gp are a (constant) electron density in matter and the Fermi coupling constant, 
respectively. And, 0^^^^ is the effective mixing angle in matter given by 



tan(2^^^^^) 



AEs2 sin(2^i3) 
AEs2 COs(2^i 3) zb A 



and AEs 2 



Aml2 

2E ’ 



(5) 



and 



= V(^E32 cos(20i3) ± A)^ + {AE32 Sin(20i3))2. (6) 

As seen in eqs.(4)-(6), if Am ‘^2 > then the effective mixing angle is 

enhanced and P{Ve ^/x) increases. If A 7 TI 32 < 0, then P(ue decreases. 

So, at a neutrino factory where the baseline is relatively large and therefore the 
matter effects plays an important role, the sign of Am^s can be easily determined. 



CP violation 



The observable of the CP-odd asymmetry is defined by 



AcP-odd 



P{Pe - Pjl'e ^/x) L 

P{j^e + P{^e ^ E^ 



(7) 
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Fmal CP sensitivity (preHminary). 




Fig. 2 . Sensitivity to CP violation with a neutrino factory and conventional pion-based 
superbeams as a function of and ^13 



where, the CP-odd oscillation probability is given by 



PcPoMii'. ^ Pp) ~ - 4 ^- 2 ^ {~^) « ( 5 ). 

and J is the Jarlskog parameter in the neutrino sector, given by 

J = Ci2cl^C2sSl2Sl3S23 sin((5). 



( 8 ) 

( 9 ) 



Thus, the CP-odd asymmetry is proportional to LjE^. Since the number of the 
oscillation events is given by Eq.(3). The figure of merit is given by 

^CP-odd ' ^osc OC — . (10) 

From this, it is known that MLjE is kept constant, large L is better. However, 
at a long distance, the matter effect dominates over the intrinsic CP violation, 
and therefore it has to be discriminated. The other issues in the search for CP 
violation is whether we like to see the CP asymmetry or we just determine the 
imaginary phase in the MNS matrix. The former is called direct CP violation 
search” whereas the latter is called ^Hndirect CP violation search”. This two 
different approaches give two different optimization. For the latter, 50 GeV and 
3000 km gives the best solution (see Fig. 4), and the former gives lower energy and 
shorter distance. For further studies, more inputs on the MNS mixing matrix 
elements are needed. The comparison of sensitivities to CP violation with a 
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neutrino factory and conventional pion-based superbeams as a function of Am^i 
and ^13 is shown in Fig. 2. Also the possibility of a search for T- violation given 
by ^ is) — ^ ^ol) must be pursued. 

Other oscillation programs are, for example, observation of Uei^fj,) 
oscillation (silver channels), and a test of CPT violation (e.g. P(r'e ~ 

P^Pii - Pe))‘ In addition to various oscillation programs, a neutrino factory 
could provide other neutrino physics programs, such as precision tests of weak 
interaction with a neutrino beam, studies of deep inelastic scattering of neutrinos 
off nucleus, a search for neutrino magnetic moments, etc. 

1.6 A Hardware Scheme of a Neutrino Factory 



protgn beam 



Neutrino Factory [ 




louf r^eul/lnp species from 
muon, dec a/5 



muon 

acceterabr 




■ neutmobcwn 



[nnuon storage ring] 



ED 



Fig. 3. Scheme of a neutrino factory. 



The scheme of a neutrino factory, as seen in Fig.3, consists of a proton beam 
with Mega watt power, a section of large solid angle capture of pions produced by 
proton bombardment under a strong solenoid magnetic field (”Pion Capture” in 
Fig.3), a section of aligning muon energy by phase rotation (’’Phase Rotation”), 
a section of cooling muons (’’Muon Ionization Cooling”), a section of accelerating 
muons (’’Muon Acceleration”), and a muon storage ring of a race-track shape 
(’’Muon Storage Ring”). Muons are considered to be accelerated to typically in 
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the range of 20-50 GeV. The required number of neutrinos from muon decays is 
shown in Fig. 4. 

So far, various design studies on a neutrino factory have been done either 
in US or in Europe or in Japan. In US, there have been two studies. Feasibility 
Study-I at FNAL, and Feasibility Study-II at BNL[3]. There is also a study 
group in Europe [4]. Some description of the Japanese scheme is given in another 
section of this paper [5]. 



Thresholds of interest at L = 2800 km 




0 

Cl 

>^10 

0 

U 

0 

Q 

C 

o 

D 



10 20 30 40 50 

Energy (GeV) 



CP vblolion 
M = ^tt/2) 



LMA 



B3MAX 

LMA 



SWA/ 

LOW 

LMA 



SWA/ 

LOW 

LMA 



Fig. 4. The required number of neutrinos from muon decays needed in the beam for 
the LMA solution and the others for a 50 kt detector (a 5 kt detector in the case of 
L'e appearance) at L=2800km with a muon detection threshold of 4 GeV 



2 After Neutrino Factory - Muon collider 

After the neutrino factory program, it might be a natural next step to envision 
a muon collider, where //+ and of high energy are collided. Two different 
energy ranges have been discussed for a muon collider. One of them is a few TeV 
range as high-energy front-end, and the other is of low energy. In particular, the 
latter is focused on a s-channel Higgs factory, where a large coupling of the muon 
to the Higgs particle is utilized. The physics programs of a TeV muon collider 
and a s-channel Higgs factory are presented elsewhere [6]. 
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To study technology and engineering for a muon collider, intensive R&D 
works are underway. Among many important R&D topics, the most critical is 
muon cooling technology. Also, cooling is mandatory to construct a muon collider 
to gain high luminosity. 

The proposed scheme to cool a muon beam is ionization cooling. The other 
cooling schemes do not work for muons since a lifetime of the muon is not long 
(2.2 /xsec). In the transverse ionization cooling, muons pass material (absorber), 
and then they are accelerated parallel to the beam direction by a high RF ac- 
celerating field. After many repeats, the transverse momentum decreases with 
respect to the longitudinal momentum, becoming a parallel beam. In the ioniza- 
tion cooling, change of the muon beam emittance is given by 

d€n _ 1 1 ^x(0.014)2 

ds /?2 V ds ) /?3 2E^m^Xo ’ ^ ^ 

where the first term is a cooling term and the second term is a heating term by 
multiple scattering. Sn is a normalized beam emittance, (dE/ds) is an energy 
loss per unit length. To achieve efficient cooling, an absorber material has to have 
a long radiation length (Aq). A candidate is liquid hydrogen. Also it should be 
placed at a small beta (/3j_) function. To cool longitudinal phase space, emittance 
exchange has to be made. 

2.1 MICE 




Fig. 5. Schematic layout of the MICE experiment at Rutherford- Appleton Laboratory. 



Experimental demonstration of the transverse ionization cooling by the Inter- 
national Muon Ionization Cooling Experiment (MICE) [7] is being prepared at 
Rutherford- Appleton Laboratory (RAL). The experimental proposal was scien- 
tifically approved in spring, 2003. A schematic layout of the MICE experiment is 
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shown in Fig.5. The setup has 3 liquid hydrogen absorbers and 2 RF cavities. A 
central muon momentum is about 200 MeV/c. From this, reduction of the muon 
beam emittance of about 10 % is expected and will be demonstrated by 2007. 



3 Before Neutrino Factory - Muon Factory 

At the front end of a neutrino factory complex, high intensity muon beams would 
be available. They would be obtained from various stages of the complex (shown 
in Fig. 3), such as an intense beam after the pion collection section, a phase- 
rotated muon beam after the phase rotation section, and a cooled muon beam 
after the ionization cooling section. Their intensity would be about 4-5 orders 
of magnitude higher than that available now, and their beam quality could be 
much better improved by using novel techniques of phase rotation and cooling. 

The muon itself has been in major interest of particle physics for some time 
since 1937 when the muon was discovered in cosmic rays. But, what would be 
recent interest to continue the muon particle physics now with higher beam 
intensity ? Recent physics motivations are based on the fact that the muon 
system could be one of the best places to search for physics beyond the standard 
model [8]. 

3.1 Lepton Flavor Violation 

Lepton flavor violation (LFV) has attracted much interest, from theoretical and 
experimental, in particle physics, since it has a growing discovery potential to 
And a important clue of new physics beyond the Standard Model [8]. They are 
such as supersymmetric grand unification models (SUSY-GUT) or minimal su- 
persymmetric standard models with right-handed heavy neutrinos, where the 
right-handed neutrino is in fact a heavy partner in the see-saw model, and is 
being believed to carry an important role on CP violation in the leptogenesis 
scenario [9]. The predicted branching ratios are just one or two orders of magni- 
tude lower than the present experimental limits. And therefore, there would be 
good opportunities to discover such rare processes. 

In terms of new physics searches, some of the notable features in the LFV 
studies are that (1) LFV might have a sizable contribution from new physics, 
which could be observable in future experiments, and that (2) LFV does not have 
any sizable standard model contribution, which could become serious background 
otherwise, like in K and B decays. 

In supersymmetric grand unification (SUSY-GUT) models, finite slepton mi- 
xing appears unavoidably through radiative corrections in the renormalization 
group evolution from the GUT scale to the weak energy scale, even if the diago- 
nal slepton mass matrix is assumed at the Plank scale. The predicted branching 
ratios of the jji~ — e~ conversion processes in SU(5) SUSY-GUT models range 
from to I0~^^ for the singlet smuon mass of of 100 to 300 GeV, 

as shown in Fig. 6 (left). They are larger for a large tan/3 value. The SO(IO) 
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SUSY GUT models give even larger values of 10 to 10 by enhancement of 
{mllml) ~ 100. Minimum SUSY models with right-handed Majorana neutrinos 
would also predict large branching ratios through the neutrino mixing observed, 
as seen in Fig. 6 (right). 

The muon system is one of the best places to search for LFV. The sensitivity 
to LFV is superb in the muon system. It is mostly because of a large number 
of muons available for experimental searches today (of about 10^"^ — 10^^ /year). 
And a number of muons available would become more in future if a new highly 
intense muon source at the front end of a neutrino factory is realized. 



^->67 in the MSSMRN with the MSW large angle solution 




Fig. 6 . Predictions of /x — >• 07 in (a) SU(5) SUSY GUT models in the left and (b) 
MSSM with right-handed neutrino with large mixing- angle solution for solar neutrinos 
in the right. 



3.2 PRISM 

Among various muon LFV processes, a — e~ conversion in a muonic atom 
is the most promising to improve from a point of view of background rates. 
To improve a sensitivity, a high intensity muon beam of 10^^ — 10^^/xs/sec is 
required. Further, to reduce beam-related background events, a “pulsed” muon 
beam with high extinction between beam pulses and no pion contamination in a 
beam are the most critical. To reduce physics backgrounds (such as from a muon 
decay in an orbit), good energy resolution of the electron detection is needed. 
For this, a thin muon- stopping target is necessary since the total electron-energy 
resolution is dominated by energy loss in the muon-stopping target. 

We, in Japan, develop a low-energy dedicated muon source with narrow 
energy spread. It is called PRISM, which stands for a Phase Rotated Intense 
Slow Muon source [10]. Narrow energy spread is achieved by phase rotation of 
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Fig. 7. Schematic layout of PRISM. 



a muon beam which should have narrow time spread at birth. This has to be 
made with pulsed proton bunches. The goal of PRISM muon beam intensity 
is about 10^^ — 10^^ytx=^/sec with 1 MW proton beam power. The beam mo- 
mentum of PRISM is about 68 MeV/c. Phase rotation would reduce the muon 
beam momentum spread from ±30% to ±3%. Fig. 7 shows a schematic layout of 
PRISM. PRISM consists of a large solid angle pion capture, a section of phase 
rotation in a circular ring. We adopted a fixed-field alternating gradient syn- 
chrotron (FFAG) as the PRISM ring. It has large transverse and longitudinal 
acceptance, which is necessary for PRISM. The diameter of the PRISM-FFAG 
ring is about 10 meters. From Monte Carlo simulation, after five turns, phase 
rotation would be completed. Although phase rotation is not a type of cooling, 
ionization cooling at PRISM, although modest, can be conceivable to do. Such 
a study is underway. With PRISM, a sensitivity of 10“^^ for (i — e conversion is 
aimed [11]. 
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3.3 Muon Electric Dipole Moment 

The existence of a permanent electric dipole moment (EDM) of the muon would 
violate time reversal and parity symmetries. The prediction for the muon EDM 
from the standard model is well below the experimental sensitivity which we 
could achieve. Therefore, a non-zero measurement of the muon EDM is un- 
mistakable evidence of physics beyond the standard model. In particular, it is 
known in supersymmetric models that the muon electric dipole moment is sen- 
sitive to the CP violation in the right-handed heavy Major ana neutrinos. 

The EDM experiment design exploits the strong motional electric field sensed 
by relativistic particles in a magnetic storage ring of the muons. A new measu- 
rement to study the muon EDM at the 10~^^e-cm level is considered by using a 
high intensity muon beam with high polarization. 



3.4 PRISM-II 

The statistics needed for the sensitivity of 10~^^e-cm is given by NP^ = 
10^® /year, where N and P are the number of muons and their average pola- 
rization respectively. A highly intense muon beam from PRISM-II^ could only 
be able to provide the required statistics with negligible beam contamination. 
The systematic error will be studied by deuterons, for which the required fiux is 
readily available. The lattice design of PRISM-II ring has been done. From Monte 
Carlo simulation, NP^ more than 10^^ /year could be achieved with PRISM-II. 



3.5 Muon {g — 2) Magnetic Moment 

The measurement of magnetic moments has been important in advancing our 
knowledge of sub- atomic physics since for a long time. The muon {g — 2) expe- 
riment, E821 at the Brookhaven National Laboratory, has published the result 
of of 0.7 ppm, and is analyzing the data of . They represent a significant 
improvement over the 7.3 ppm measurement from CERN. Regarding compari- 
son to theoretical predictions, if the e“*'e~ evaluation on the hadronic contribu- 
tion are used, the discrepancy from the standard model prediction is about 2 
standard deviations, and using r analysis alone gives a 1.6 standard deviation 
discrepancy. Substantial amount of work, both theoretical and experimental, is 
on-going across the world to refine the hadronic contribution. The significance 
for an indication of new physics will have to wait for clarification of the correc- 
tness of the hadron contribution. However, it would be worth to pursue further 
a precision measurement of the muon {g — 2) moment. A new experiment to aim 
the designed goal of an improvement of a factor of 5 to 10 over E821 experiment 
is considered. 

PRISM-II is a phase rotator for 500 MeV/c muons, whereas PRISM is for stopped 
muon experiments. 
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3.6 The Muon Trio 

In specific models of extension to the standard model, a trio of measurements 
of the muon LFV, the muon EDM, and the muon {g — 2) would be related one 
another. For instance, in SUSY models, they correspond, respectively, to an off- 
diagonal element, an CP- violating imaginary part of the diagonal element, a real 
part of the diagonal element of the mass matrix of superparticle (slepton). The 
determination of the slepton mass matrix given by these measurements would 
provide the information of the SUSY breaking mechanism occurring at a very 
high energy scale. 



4 Japanese Case 

4.1 J-PARC 

A high intensity proton machine complex is now being constructed in Japan. It 
is called the Japanese Proton Accelerator Research Complex (J-PARC). As seen 
in Fig. 8, the J-PARC complex consists of a 400 MeV proton normal-conducting 
linac (200 MeV at the initial stage), a 3-GeV proton synchroton (3-GeV PS) with 
beam current of 333 /xA, and a 50-GeV proton synchrotron (50-GeV PS) with 
beam current of 15 /xA. A proton beam from the 3-GeV PS is used for materials 
science, condensed matter physics, structural biology. A proton beam from the 
50-GeV PS would give about 1 MW beam power, which is the world largest 
beam power. It is used for particle and nuclear physics programs. It includes 
an experiment of long-baseline neutrino oscillation to Super-Kamiokande (JHF- 
nu experiment), based on a conventional pion-decay-based neutrino beam. The 
construction is now being underway, and will be completed in Japanese fiscal 
year 2007. 

The production yields of pions and therefore of muons (from pion decays) are 
roughly proportional to proton beam power (the product of a beam current and 
beam energy). Thereby, J-PARC would have the largest proton beam power in 
the world, when be completed. Therefore, it would give us the best opportunity 
to seek in future possibilities of a neutrino factory and a muon factory. 

4.2 A Neutrino Factory Based on FFAG Acceleration 

The Japanese scheme on a neutrino factory is based on novel muon acceleration 
by ring accelerators, instead of linear acceleration which are adopted by US and 
European schemes. The advantages of the ring acceleration scheme are potential 
reduction of a number of RF cavities and total power consumption, and spacial 
compactness. 

Among various options of ring accelerators, we have adopted FFAG rings. 
The principle of FFAG was invented in the 1950’s by Dr. C. Okawa. FFAG has 
various advantages on muon acceleration. First of all, it has large acceptance, of 
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Fig. 8. Schematic layout of PRISM. 



both transverse and longitudinal, which is critical to accelerate muons with broad 
spacial and momentum distributions. Since the acceptance of FFAG rings is 
sufficiently large so that we would not need any muon ionization cooling channels. 
It leads some cost saving.^ Note that for a muon collider, muon ionization cooling 
is of critical. Second, since a magnetic field is fixed, fast acceleration of muons 
is possible. It is also important at low energy since muons decay faster at low 
energy. 

The present Japanese plan is based on four FFAG rings, as seen in Fig. 9 [13]. 
The first one is from 0.3 to 1 GeV/c, the second is from 1 to 3 GeV/c, the third 
one is from 3 to 10 GeV/c, and the fourth one is from 10 to 20 GeV/c, as shown 
in Fig.9. These FFAG rings are a scaling type with radial sector magnets, and 
either normal-conducting or super-conducting. The preliminary lattice designs 
for the four FFAG rings are done. Although low frequency RFs have to be used 
due to a long pulse of muons, 1 MV/m acceleration can be achieved. Provided 
MV/m acceleration is possible, the number of surviving muons in the final muon 
storage ring is enough, an order of 4 x 10^^//^ /year for a MW beam power. It 
would yield neutrinos of 1.3 x 10^^ neutrinos/year /straight section from muon 
decays at one straight section (which is about 0.3 of the total circumference of 
the ring). 

J-PARC would be a natural place to construct a neutrino factory in Japan. 
The high beam power of 0.75 MW, and its upgrade of 4.4 MW, would provide 
the best opportunity for the realization of a neutrino factory in the world. A 
preliminary design is shown in Fig. 10. The facility should be placed deep un- 
derground so as to avoid neutrino hazard. J-PARC has its upgrade plan with 



^ If muon cooling channels are available, it would give some benefits such as size- 
reduction of FFAG magnets. 
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Fig. 9. Japanese scheme of a neutrino factory based on a series of muon acceleration 
with four FFAG rings. This scheme does not necessarily need muon ionization cooling. 

4.4 MW with improved acceleration time and reduced space-charge effects by 
barrier buckets. The energy of muons is at most 10 — 20 GeV in the first phase 
(J-PARC Phase-I), and will be improved to be 5 x 10^^ muon decay /year /one 
straight section by increasing the primary proton beam intensity in the next 
phase (J-PARC Phase II). The muon energy could be increased to 20 — 50 GeV 
if necessary. The final determination of muon energy and intensity in the muon 
storage ring will be subject to physics demands and cost optimization. 

4.3 Pulsed Proton Beam Facility as a Muon Factory at J-PARC 

To accomplish the neutrino factory and muon factory at J-PARC, a pulsed pro- 
ton beam from the 50- GeV PS is critical. With such a facility, we could anticipate 
various significant physics programs, ranging from searches for lepton flavor vio- 
lating muon rare processes, a search for the muon electric dipole moment, the 
precision measurement of the muon (g — 2) moment, to rich antiproton physics. 
This is, in fact, what we call a muon factory. It would lead to an opportunity of 
construction of the neutrino factory in Japan in future. 

The present J-PARC plan does not currently have any plan of a pulsed pro- 
ton beam facility. The Nuclear and Particle experimental hall (NP hall) will have 
only a continuous proton beam from slow extraction. The neutrino beam line, 
which will use a pulsed proton beam, can not accommodate any other experi- 
ments due to their space limitation. Therefore, the request of a dedicated pulsed 
proton beam facility has been submitted to J-PARC. 

A possible location of the pulsed proton beam facility at J-PARC is to be 
nearby the beam abort dump of the 50-GeV PS (north-east side of the 50-GeV 
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Fig. 10. Preliminary design of the neutrino factory layout based on FFAG muon 
acceleration at the J-PARC site. 

ring). The facility consists of the near facility (close to the 50-GeV ring) and the 
far facility, owing to the space limitation of the halls and the required beam line 
length. A schematic layout of the pulsed proton beam facility is shown in Fig. 11. 
At the near facility, the PRISM and PRISM-II rings are located to carry out 
the searches for fji~ — e~ conversion in a muonic atom at a sensitivity of 10“^^, 
and the muon electric dipole moment at a sensitivity of 10“^^ e-cm^. At the far 
facility, a precision measurement of the muon {g — 2) moment with improvement 
of an order of magnitude is planned, together with slow anti-proton physics. 

There was a call of Letter of Intents (LOI) at J-PARC in 2002. The physics 
programs at the muon factory were studied intensively and their LOIs were 
submitted. The full proposals are in preparation and will be submitted when a 
call of the proposal is made. We hope early realization of the muon factory at 
J-PARC. 

4.4 Staging Approach 

A staging approach should be seriously considered to construct a large scaled 
project like a neutrino factory. This staging approach is demanded in two folds. 
One is to maintain a total budget profile to be a reasonable size at different 
stages to get the funding easier. The second is that it will require a long term 
to establishing required technology, whereas we like to keep physics activities 
even in the R&D period. In our FFAG acceleration scheme, it is possible since 
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Fig. 11. Schematic layout of the proposed pulsed proton beam facility at J-PARC. 



we start with the first acceleration ring, and add downstream FFAG rings at a 
later time. Possible connection to physics programs is listed in Table2. 



Table 2. Possible scenario of the staging based on FFAG acceleration. 



Stage 


FFAG ring 


Potential Physics Programs 


0 


Low energy (PRISM) 


muon LFV 


1 


0.3-1 GeV/c (PRISM-II) 


muon EDM and low-energy neutrino source 


2 


1-3 GeV/c 


1 GeV neutrino source 


3 


3-10 GeV/c 


an initial neutrino factory 


4 


10-20 GeV/c 


a full size neutrino factory 



4.5 R&D 

Regarding R&D of FFAG rings, the proof-of-principle (POP) FFAG ring with 
500 keV protons was constructed and was operated successfully by the KEK ac- 
celerator group. After the POP FFAG ring, now another proton FFAG with 150 
MeV has been constructed and is now under commissioning. The FFAG princi- 
ple for a proton beam has been already confirmed, and the required technology 
and engineering have been studied extensively. 

At Osaka University, the PRISM FFAG ring construction has been appro- 
ved in Japanese fiscal year 2003. The construction has just began, and will be 
completed in 5 years. It would be the first dedicated muon FFAG ring. A sche- 
matic layout of the PRISM-FFAG ring, which will be built at Osaka University, 
is shown in Fig. 12. It consists of 8 sectors (namely 8 FFAG magnets). At the 
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beginning phase, only one RF cavity will be installed, but eventually a total 
of 12 RF cavities will be placed. There is one straight section for muon beam 
injection, and another straight section for muon beam extraction. After the com- 
pletion of the PRISM-FFAG ring, a test with protons to examine the acceptance 
and dynamic aperture of the ring will be made. Phase rotation is also tried with 
protons. Then, muons will be injected into the ring to study phase rotation of 
muons. It is also conceivable to try muon ionization (longitudinal) cooling. 




Fig. 12. A schematic layout design of the PRISM FFAG ring, which will be constructed 
at Osaka University. 



5 Summary 

A neutrino factory and a muon factory and their physic importance are presen- 
ted. 

A neutrino factory would give great potential to examine the mass hierarchy 
of neutrinos, the matter effects, and CP violation in the neutrino sector. World 
wide R&D are going on, in particular, in US, Europe and Japan. 

Following a neutrino factory, a /x “*"//“ collider is naturally envisioned. One 
of the critical issues in a muon collider R&D is demonstration of muon ioniza- 
tion cooling, which is now being aimed to experimentally demonstrate by the 
international collaborative experiment, MICE, at Rutherford Appleton Labora- 
tory. Before a neutrino factory, a muon factory which can be the front end of a 
neutrino factory, can be considered. 
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The physics programs with a high intensity muon beam available at a muon 
factory is rich, ranging from searches for lepton flavor violating muon processes 
(such as !i~ —e~ conversion), search for the muon electric dipole moment (EDM), 
and further precision measurement of the muon {g — 2) magnetic moment. 

The proposed staging scenario at J-PARC from a muon factory to a neutrino 
factory is presented. The Japanese scheme of a neutrino factory is based on 
acceleration of muons by a series of FFAG rings. The Letters of Intent to realize 
this scenario have been submitted, and strong requests have been made. The 
on-going R&D programs in Japan include the construction of the PRISM-FFAG 
ring at Osaka University in 5 year project from year 2003. 

If all these happen as planned, there would be a long-term plan with great 
potentials for discovery of new physics beyond the standard model. 
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Abstract. The Amanda neutrino telescope at the South Pole has been taking data 
since 1996. Stepwise upgraded, it reached its final stage in January 2000. We pre- 
sent results from the search for extraterrestrial neutrinos, neutrinos from dark matter 
annihilation and magnetic monopoles. 



1 Introduction 

The main purpose of AMANDA (Antarctic Muon and Neutrino Detector Array) 
is the search for extraterrestrial sources of high-energy neutrinos. Above a few 
TeV, neutrinos may be the most effective extragalactic messengers, since they 
do not suffer from absorption by intervening matter, infrared or radio backgro- 
und. Unlike protons, they are not deflected by magnetic fields. Hence they point 
directly to the region of emission, independent of their energy. Neutrinos also 
would yield incontrovertible evidence for hadron acceleration in the emitting 
source. Neutrinos with energies in the TeV region and higher are predicted to be 
emitted by a variety of galactic and extragalactic sources, or in exotic proces- 
ses associated with cosmological relics [1]. Results of searches for astrophysical 
neutrinos are summarized in section 4 of this report. 

Apart from the search for sources of extraterrestrial neutrinos, devices like 
AMANDA may search for neutrinos generated in annihilation processes of dark 
matter particles (such as WIMPs) in the center of the Earth or the Sun. They are 
also sensitive to relativistic magnetic monopoles. Section 5 summarizes results 
on the search for magnetic monopoles and the indirect search for dark matter 
particles. 



2 The AMANDA Detector 

The AMANDA detector (Fig.l) is located at the Geographic South Pole. It uses 
the polar ice cap (about 3 km thick) as both interaction and detection medium. 
The instrument consists of an array of 677 optical modules (OMs) on 19 strings 
which detect the Cherenkov light emitted by charged particles in the ice. It was 
deployed over several years, starting in 1996 [2]. The stage operated in 1997-1999 
is comprised of 302 OMs at 10 strings and is referred to as AMANDA-BIO. The 
final configuration was completed in January 2000 and is named AMANDA-II. 

* See the appendix for the full Collaboration list 



890 



Christian Spiering (for the AMANDA Collaboration) 



AMANDA-II 



Depth 



- 1500 m 




2000 m 



L 2500 m 

Fig. 1. Schematics of the AMANDA detector 




An optical module consists of an 8-inch photomultiplier tube (PMT) housed 
in a glass pressure sphere. Analog PMT signals are transmitted to surface via 
electrical (strings 1-10) and optical (strings 11-19) cables and recorded with a 
time resolution of about 5 nsec. 

The optical properties of the ice surrounding the detector as well as time 
offsets and detector geometry are determined using both the data from down- 
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ward going muons generated in the atmosphere above the array and from in 
situ light emitters, located along the strings. Polar ice is not homogeneous but 
layered horizontally, with the varying optical properties reflecting climatological 
changes in the past. At a wavelength of 400 nm (corresponding to the maximum 
sensitivity of the OMs) the average absorption length at AMANDA-II depths is 
about 110 m and the average effective scattering length about 20 m. 



3 Signatures 

AMANDA-II is optimized to detect muon tracks at energies above 1 TeV which 
are generated in charged current interactions of muon neutrinos. Their signature 
is a Cherenkov cone moving with the muon. The angular resolution obtained 
from the arrival times of the Cherenkov signal at the AMANDA-II PMTs is 
about 2 degrees. Above a TeV, the muon energy can be estimated from the light 
emission, which is mostly due to pair production and bremsstrahlung. 

Apart from elongated tracks, cascades can be detected. Cascades, both elec- 
tromagnetic and hadronic, result from all- flavour neutral-current reactions and 
from i/g and charge- current processes. Cascades are confined in a volume of a 

few cubic meters. The direction of the parent neutrino cannot be reconstructed 
as accurately as in the case of the muon channel, but the neutrino energy can 
be well reconstructed because it is fully deposited in the detector. 

The signature for interactions of neutrinos are 

a) upward going muon tracks (basically 100 GeV to 100 TeV), 

b) high energy muon tracks around or above the horizon (above a PeV), 

c) isolated cascades. 



4 Search for Astrophysical Neutrinos 

4.1 The Background: Atmospheric Muons and Neutrinos 

The main background to extraterrestrial neutrinos stems from down-going 
muons generated in the Earth’s atmosphere above the detector which are 
misreconstructed as upgoing muons. This background can be reduced by a series 
of quality cuts. An unavoidable background are neutrinos generated in the at- 
mosphere. These atmospheric neutrinos have been extensively used to study the 
performance of AMANDA-BIO [3]. A recent analysis of the AMANDA-II 2000 
data [4] extends the experimentally determined energy spectrum of atmospheric 
neutrinos up to 100 TeV (see Fig.2). The spectrum was derived from the recon- 
structed energies of 570 muons with zenith angles larger than 100 degrees. This 
sample has a contamination from downward going misreconstructed muons of 
about 3%. 
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Fig. 2. Spectrum of atmospheric neutrinos determined with AMANDA-II and Frejus. 
Data are compared to parametrizations of Volkova et al. [17]. 



4.2 Search for a Diffuse Extraterrestrial Flux 



A search for extraterrestrial neutrinos from unresolved directions according to 
method (a) (upward going muons) was performed with data taken in 1997 with 
AMANDA-BIO [6]. A final event sample was selected with an energy-dependent 
cut (using the multiplicity of hit PMTs). The resulting 90% CL limit is dNjdE • 
E‘^ = 8.4- 10~^GeVcm“^s~^sr“^, in the energy range of 6-1000 TeV (containing 
90% of the signal of a hypothetical E~‘^ source). The sensitivity of AMANDA-II 
is about three times better than that of AMANDA-II, and that of all AMANDA 
data taken until now is expected to be below 1 • 10“^ GeV cm~^s~^sr“^. 

A similar analysis was performed using a sample of downward going muon 
events (method (b)), also based on 1997 data [8]. At PeV energies the Earth 
is essentially opaque to neutrinos and a search for extraterrestrial sources must 
focus on almost horizontal events, where the expected signal accumulates. The 
main source of background are large bundles of downward going atmospheric 
muons, which can be separated from the expected signal on the basis of the 
spatial distribution of the light output in the detector. The 90% CL upper limit 
from this analysis is at dN/dE-E'^ = 7.2T0~^GeVcm~^s~^sr“^, with a sensitive 
energy range extending from 2.5 to 6300 PeV. 



Results from the AMANDA Neutrino Telescope 893 



For typical astrophysical scenarios, the expected neutrino fluxes at the detec- 
tor should behave like 1 : 1 : 1. This motivates the search for 

extraterrestrial neutrinos using cascade events (method (c))^ despite the reduced 
effective volume compared to muon detection. The analysis profits from the good 
energy resolution for contained events (Z\Logio(F^)=0.1-^0.2 between 1 and 100 
TeV). The relatively low intrinsic background is mostly comprised of downward 
going atmospheric muons which radiate a large fraction of their energy, initiating 
an electromagnetic cascade. An analysis of AMANDA-II year-2000 data yields 
a preliminary 90% CL upper limit at dNjdE • = 9 • 10“^ GeV cm“^s“^sr“^ 

for the sum of all flavours [9], an order of magnitude lower than the previously 
published limit obtained with AMANDA-BIO [5]. The sensitivity range of this 
search is 80 TeV- 7 PeV. 




Figure 3 shows the limits on the diffuse flux of all three neutrino flavours as 
obtained from the analysis of upward and downward going muons ( “AMANDA- 
BIO x3”) and from the cascade analysis (“AMANDA-II z/g + 
gether with the corresponding BAIKAL limit [10] and the SSDS[11] and MPR[12] 
predictions (lower curve and upper curve respectively). The falling lines left re- 
present the atmospheric neutrino fluxes (dashed lines for and continuous line 
for z/g ). 
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4.3 Search for Point Sources 

Figure 4 shows the skyplot of 1557 muon tracks extracted from the AMANDA-II 
2000 data. The sub-sample of 699 upward tracks is dominated by atmospheric 
neutrino induced events, with a remaining contamination from downward going 
muons of about 3% at declinations larger than 5° [13]. 




Fig. 4. AMANDA-II neutrino skyplot (year-2000 data). 



Due to its larger effective area and its improved angular resolution (2 — 2.5°), 
AMANDA-II has a 4-5 times better sensitivity to point sources than AMANDA- 
BIO [14]. A binned search in the northern hemisphere and a study of pre-selected 
sources shows no significant excess above the background and upper limits have 
been derived, which are reported in Tab.l for a few pre-selected sources [14]. We 
note that the limit for the microquasar SS-433 is close to a prediction made in 

[15]. 



4.4 Neutrinos Coincident With Gamma Ray Bursts 

Daten taken from 1997 to 2000 have been examined for high energy neutrinos 
spatially and temporally coincident with 312 GRBs detected by the BATSE sa- 
tellite and 206 non-triggered GRBs obtained by BATSE archived data [16]. No 
coincidences with triggered bursts have been observed, for an expected back- 
ground of 1.3 events. Likewise, no events have been observed during the 206 
non-triggered bursts. 
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Table 1. Preliminary 90% CL upper limits for a few selected candidate sources. Dec. 
is the source declination in degrees, R.A. the right ascension in hours, Uohs the number 
of events in the search bin and rib the expected background. Neutrino limits in 

units of 10~^cm“^s~^), integrated above 10 GeV, are for oxi E~^ energy spectrum. 



Candidate 


Dec. [°] 


R.A. [h] 


'IT'obs 


rib 


^ V 


Markarian 421 


38.2 


11.07 


3 


1.50 


3.5 


Markarian 501 


39.8 


16.90 


1 


1.57 


1.8 


SS433 


5.0 


19.20 


0 


2.38 


0.7 


Cygnus X3 


41.0 


20.54 


3 


1.69 


3.5 


Crab Nebula 


22.0 


5.58 


2 


1.76 


2.4 


Cassiopeia A 


58.8 


23.39 


0 


1.01 


1.2 


M 87 


12.4 


12.51 


0 


0.95 


1.0 



5 Particle Physics 

Apart from its central destination - high energy neutrino astrophysics - AMAN- 
DA has a wide range of other goals: search for relativistic magnetic monopoles, 
search for slowly moving, bright particles (like strange quark matter or magnetic 
monopoles catalyzing proton decay), search for neutrinos from WIMP annihila- 
tion, and monitoring of the Galaxy for supernova bursts. Here we give results 
from two of these searches which are closely related to the other topics of this 
conference. 

5.1 Relativistic Magnetic Monopoles 

A magnetic monopole with unit magnetic Dirac charge g = \Z1 jl' e and veloci- 
ties above the Cherenkov threshold in water (J5 > 0.75) would emit Cherenkov 
radiation smoothly along its path, exceeding that of a bare relativistic muon 
by a factor of 8300 [19]. This is a rather unique signature. No such event from 
our 1997 data has passed the corresponding search criteria. Fig.5 summarizes 
the limits obtained thus far. A future cubic kilometer detector could improve 
the sensitivity of this search by nearly two orders of magnitude, and the search 
could be extended to even lower velocities by detecting the (5 electrons generated 
along the monopole path. 

5.2 Indirect Dark Matter Search 

If cold dark matter consists of neutralinos, these would have accumulated in the 
center of the Earth or in the Sun, would annihilate and cause an excess of neu- 
trinos from those directions. We have looked for an excess of vertically upward 
moving muons exceeding the expectation from atmospheric neutrinos. With no 
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B=v/c 

Fig. 5. Present limits on the flux of relativistic monopoles. Also shown is the limit 
expected from a km3 detector. 



significant excess in the data taken in 1997 and 1999, we derive upper limits on 
the neutrino-induced muon flux due to neutralino annihilation [20]. Fig.6 com- 
pares our limits to those obtained by other indirect search experiments. SUSY 
predictions for muon fluxes are given for comparison (Not shown are latest re- 
sults from the Baikal experiment which lay close to AMANDA year-97 limits). 
The filled circles represent MSSM parameter combinations which are excluded 
by current direct searches, straight crosses mark combinations which could be 
excluded by direct searches ten times as sensitive as present ones. Combinations 
with rotated crosses could be only excluded only by even more sensitive direct 
searches (see [22] for details). Note, however, that uncertainties in the under- 
standing of the galactic halo can change considerably both the theoretical flux 
predictions and the significance of the results of direct searches. For a proper 
combination of MSSM parameters and halo model, indirect detection might be 
favoured and AMANDA become competitive. ICECUBE will reach the region 
of currently allowed models. 

The situation is different for neutralino annihilation in the Sun. The smaller 
AMANDA-BIO detector did not achieve the resolution close to the horizon which 
would be necessary to identify neutrinos from the Sun (which never sinks below 
23 degrees at the Pole). However, with the improved horizontal reconstruction 
of AMANDA-II this analysis became feasible. Preliminary results indicate that 
the sensitivity of the detector is competitive with results of direct searches. 
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Neutrallno Mass (GeV) 

Fig. 6. WIMP limits from indirect searches (see text). 



6 The Future: IceCube 

IceCube will consist of 4800 10-inch PMTs distributed along 80 strings at depths 
between 1400 and 2400 m [23]. AMANDA-II will be integrated into IceCube. 
Deployment of the first strings is planned for the Antarctic season 2004/2005. 
After 3 years running, IceCube will allow to detect diffuse fluxes with strength 
dN/dE • E‘^ = 10“^GeVcm“^s“^sr“^ with a 5-sigma significance, or to exclude 
fluxes which are 2-3 times smaller [24]. This will be an order of magnitude below 
the conservative bound given in [25]. The 5-sigma sensitivity for point sources 
is dN/dE ’ E‘^ = 7 • 10~^GeVcm~^s“\ which corresponds to a neutrino flux 
of 2 • 10“^^cm“^s“^ above 1 TeV. IceCube’s search for WIMP annihilation in 
the Sun will be competetive with direct dark matter searches. The limit on 
relativistic monopoles can be pushed 2-3 orders of magnitude below the Parker 
bound and nearly 2 orders below existing experimental limits. Last not least, 
IceCube will be operated as a monitor for Supernova MeV bursts up to the 
distance of the Magellanic clouds. 
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Abstract. We review the present status of the Baikal Neutrino Project and present 
results of a search for upward going atmospheric neutrinos, WIMPs and magnetic 
monopoles obtained with the detector NT-200. Also, the results of a search for very 
high energy neutrinos are presented. An upper limit on the neutrino diffuse 

flux of • F(E) < 1.3 • 10“® cm“^ s“^ sr“^ GeV within a neutrino energy range 
10"^ GeV is obtained, assuming an E~^ behaviour of the neutrino spectrum 

and flavor ratio i/e : ^ describe the moderate upgrade of NT-200 

planned for the next years and discuss a possible detector on the Gigaton scale. 



1 Introduction 

The Baikal Neutrino Telescope is operated in Lake Baikal, Siberia, at a depth of 
1.1 km. The present stage of the telescope, NT-200 [1], was put into operation 
at April 6th, 1998 and consists of 192 optical modules (OMs). An umbrella-like 
frame carries 8 strings, each with 24 pairwise arranged OMs. Three underwater 
electrical cables and one optical cable connect the detector with the shore station. 

The OMs are grouped in pairs along the strings. They contain 37-cm diameter 
QUASAR - photo multipliers (PMs) which have been developed specially for our 
project [2]. The two PMs of a pair are switched in coincidence in order to suppress 
background from bioluminescence and PM noise. A pair defines a channel 
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A trigger is formed by the requirement of > A' hits (with hit referring to a 
channel) within 500 ns. is typically set to 3 or 4. For such events, amplitude 
and time of all fired channels are digitized and sent to shore. 

Lake Baikal deep water is characterized by an absorption length of La6s(480 
nm)=20 -^24 m, a scattering length of Lg =30 ^70 m and a strongly anisotropic 
scattering function f{0) with a mean cosine of the scattering angle cos(^) = 
0.85^0.9. 



£ 
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Fig. 1. Detection volume (left) and detection area (right) of a single BAIKAL OM for 
neutrino induced high energy cascades and high energy muons, respectively. 



Fig. 1 shows the cascade detection volume and the muon detection area of 
a single BAIKAL OM. Here, we define detection area and detection volume by 
the condition that the mean number of photoelectrons has to be >1. In contrast 
to underground detectors, open configurations in highly transparent media like 
water or ice allow to observe a huge volume beyond their geometrical boundaries. 
The detection volume of an OM rises from 1*10^ m^ for 1 TeV to 7*10^ m^ for 
1 EeV cascade energy. 

Physics results from data collected in 1996 and 1998 (70 and 234 live days, 
respectively) have been presented elsewhere [3, 4]. Here we present new results 
including data taken in 1999 (268 live days). Data taken in 2000 are presently 
being analyzed. We also describe NT-200H — an upgrade of NT-200 by three 
sparsely instrumented distant outer strings which increase the fiducial volume 
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for high energy cascades to order of 10 Mtons. A prototype string of 140 m 
length with 12 optical modules was deployed in March 2003, and electronics, 
data acquisition and calibration systems for NT-200+ have been tested. 



(fl 
+-■ 
c 
0) 

« 30 



n 
E 

3 20F 



‘ Experlmenl (84 ev) 

- MC without osd. (80.5 ev] 
^ Am“= 2.5x10%V (71 .6 ev] 



10 






A ^ 

- 0.8 



.U- 

- 0.6 



-0.4 



- 0.2 " -0 
Zenith cosine 




Fig. 2. Top: Angular distribution of 1998/99 experimental events and MC data. Bot- 
tom: Skyplot (equatorial coordinates) of neutrino events. 



2 Atmospheric Muon Neutrinos 

The clearest signature of neutrino induced events is a muon crossing the detec- 
tor from below. Track reconstruction algorithms as well as background rejection 
have been described elsewhere [5] . The energy threshold of NT-200 for this par- 
ticular analysis (15-20 GeV) is much smaller than of Amanda (^50 GeV) and 
makes the detector sensitive to the distortion of atmospheric neutrino angular 
spectrum caused by neutrino oscillations. Atmospheric neutrinos serve as an 
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important calibration tool and demonstrate the understanding of the detector 
performance. The data set of years 1998+1999 yields 84 upward going muons. 
The MC simulation of upward muon tracks due to atmospheric neutrinos gives 
80.5 events. The angular distribution for both experiment and simulation as well 
as the skyplot of upward muons are shown in Fig. 2. 



3 Search for Neutrinos from WIMP Annihilation 

The search for WIMPs with the Baikal neutrino telescope is based on a possible 
signal of nearly vertically upward going muons, exceeding the flux of atmospheric 
neutrinos. The method of event selection relies on the application of a series 
of cuts which are tailored to the response of the telescope to nearly vertically 
upward moving muons [5]. 



3.1 Sensitivity to Neutrino Oscillations 

Fig. 3 (left panel) shows the dependence of the detection area on the cosine of 
the zenith angle 0. The applied cuts select muons with -1< cos{6) <-0.65 and 
result in a detection area of about 1800 m^ for vertically upward going muons. 





Fig. 3. Left: Detection area after WIMP cuts as a function of zenith angle. Right: 
Energy distribution of muons produced by atmospheric neutrinos, after cuts. Das- 
hed/full histogram include/neglect oscillations. 



The expected (normalized) energy spectrum of muons produced by atmos- 
pheric neutrinos (Bartol flux [7]), which survive all cuts, with oscillations (using 
Super-Kamiokande parameter set =2.5*10“^ eV^ with full mixing, O^n ~ tt/4 
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[6]) and without oscillations is shown in Fig. 3 (right panel). The energy thres- 
hold for this analysis is ^ 10 GeV i.e. significantly lower then for the 

analysis described in section 2 (F^^hr ^ GeV). Therefore the effect of oscilla- 
tions is stronger visible. We expect a muon event suppression of (25-30)% due 
to neutrino oscillations. 

From 502 days of effective data taking between April 1998 and February 2000, 
26 events with -1< cos(^) <-0.65 have been selected as neutrino candidates. The 
angular distribution of these events as well as the MC - predicted distributions 
without (dashed curve) and with (solid curve) oscillations are shown in Fig. 4 
(top panel). The integral angular distributions /(< cos(^)) are shown in Fig. 4 
(bottom panel). Within Icr statistical uncertainties the experimental angular 
distribution is consistent with the prediction including neutrino oscillations. A fit 
to our experimental data yields 6m^ =3.3- 10~^ eV^ and lays within the 90% C.L. 
band of Super-K prediction. Note, however, that the systematic uncertainties of 
the atmospheric neutrino flux are about 20% [8] and also higher experimental 
statistics is required for non-oscillation hypothesis exclusion. 

3.2 Limit on Muon Excess Prom WIMP Annihilation 

Regarding the 26 detected events as being induced by atmospheric neutrinos, 
one can derive an upper limit on the flux of muons from the center of the Earth 
due to annihilation of neutralinos - the favored candidate for cold dark matter. 
The 90% C.L. muon flux limits for six cones around the opposite zenith as well as 
muon flux limits for different neutralino masses obtained with NT-200 (E"thr 
GeV) in 1998/99 are shown in Fig. 5 and compared to limits obtained by Baksan 
[10], MACRO [11], Super-Kamiokande [12] and AMANDA [13]. 

4 Search for Relativistic Magnetic Monopoles 

Events due to relativistic monopoles {(3 > 0.75) are distinguished by their high 
light output, allowing identification of events beyond the geometrical boundaries 
of the detector. The search strategy has been described in [3]. An improved 
analysis including data from 1996 to 1999 yields a limit about a factor of two 
below the limit published earlier. This limit is compared to those from other 
experiments ([14, 15, 16, 17, 18]) in Fig. 6. 



5 A Search for Extraterrestrial High Energy Neutrinos 

The BAIKAL survey for high energy neutrinos searches for bright cascades pro- 
duced at the neutrino interaction vertex in a large volume around the neutrino 
telescope. Lack of significant light scattering allows to monitor a volume excee- 
ding the geometrical volume by an order of magnitude. This results in sensiti- 
vities of NT-200 comparable to those of the much larger Amanda detector. The 
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Fig. 4. Top: Angular distributions of selected neutrino candidates as well as expected 
distributions in a case with and without oscillations (solid and dashed curves respec- 
tively). Bottom: Integrated angular distributions. 
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Fig. 5. Top: Limits on the excess muon flux from the center of the Earth versus 
half-cone of the search angle. Bottom: Flux limits as a function of WIMP mass. 
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Fig. 6. Upper limits on the flux of fast monopoles obtained in different experiments. 



background to this search are bright bremsstrahlung flashes along downward 
muons passing far outside the array. The method has been described in [19, 20]. 
Results from data recorded in 1998 (234 live days) have been presented elsewhere 
[4, 20], 

For the analysis of data recorded in 1999 (268 live days) we used 1.78T0^ 
events with hit channel multiplicity >10. 

Fig. 7 (top panel) shows the distribution for experiment (dots) as well 
as the one expected for the background from atmospheric muons (histogram). 
The experimental distribution is consistent with the background expectation. 
No statistically significant excess over background expectation from atmospheric 
muons has been observed. Since no events with >46 are found in our data, 
we can derive upper limits on the flux of high energy neutrinos which would 
produce events with >50. 

The detection volume for neutrino produced events with >50 which 
fulfill all trigger conditions was calculated as a function of neutrino energy and 
zenith angle 0. rises from 2-10^ m^ for 10 TeV up to 6-10® m^ for 10^ TeV 
and significantly exceeds the geometrical volume Vg ^ 10^ m^ of NT-200. 

Given an E~‘^ behaviour of the neutrino spectrum and a flavor ratio 

= 1 • 1 •' 1, the combined 90% C.L. upper limit obtained with the Baikal 
neutrino telescope NT-200 (502 days) is: 









< 1.3 • 10-®cm-2s-isr-^GeV 



( 1 ) 
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Fig. 7. Top: Distribution of hit channel multiplicity; dots - experiment, histogram 
- expectation from atmospheric muons. Bottom: Experimental upper limits on the 
neutrino fluxes as well as flux predictions in different models of neutrino sources (see 
text). 
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about twice below previous results [4]. The model independent limit on at 
the W - resonance energy is: 

< 5.4 X lO'^Ocm-^s-^sr-^GeV-^ (2) 

Fig. 7 (bottom panel) shows our upper limits and the limits obtained by 
other experiments [21, 22] as well as theoretical limits obtained by Berezinsky 
(B) [23], by Waxman and Bahcall (WB) [24], by Mannheim et al.(MPR) [25] and 
predictions for neutrino fluxes from Stecker and Salamon (SS) [26] and Protheroe 
(P) [27]. 



6 NT-200+ and Beyond 



Recently derived upper limits on r'e fluxes by BAIKAL and AMANDA are about 



E'^Fiy) « (3 5)10 



— 7 —2 

^ cm ^ s 



sr ^ GeV and cover the region of optimistic 



theoretical predictions. However, a flux sensitivity at the level of E‘^F{y) < 
10“^ cm~^ s~^ sr~^ GeV which would test a variety of other models, requires 
detection volumes of order of 10 Mtons. 

We envisage an upgrade of NT-200 to this scale by three sparsely instru- 
mented distant outer strings. The basic principle will be the search for casca- 
des produced in a large volume below NT-200. This conflguration, christened 
NT-200-h, will not only result in an increased detection volume for cascades, but 
also allow for a precise reconstruction of cascade vertex and energy within the 
volume spanned by the outer strings. 

A schematic view of NT-200-h is shown in Fig. 8 (top panel). It will comprise 
the neutrino telescope NT-200 itself as well as three 140 m long outer strings 
with 3 double pairs of OMs spaced vertically by 70 m. The outer strings are 
arranged at a distance of 100 m around NT-200 at the edges of an equilateral 
triangle. Their top OMs are located at the level of the bottom OMs of NT-200. 
A water volume of 4.4 • 10^ m^ is surrounded by the outer strings and NT-200. 

Moderate event selection requirements allow to achieve a large detection 
volume for neutrino events and to suppress background effectively. The detection 
volumes for isotropic and fluxes are shown in Fig. 8 (bottom panel). The 
value of for induced events rises from 7-10^ m^ for 100 TeV up to 4-10^ 
m^ for 10° TeV. Normalized energy distributions of expected event rates from 
ye and y^ fluxes following an inverse power law with spectral index 7 = 2 are 
presented in Fig. 9 (left panel). Most of the expected events would be produced 
by neutrinos from the energy range 10^ 10^ TeV, with a mean energy around 1 

PeV. In Fig. 9 (right panel), reconstructed vs. simulated coordinates of cascades 
in NT-200-1- (rectangles) and NT-200 (crosses) are shown. The reconstruction 
accuracy significantly improves in the case of NT-200+. 
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Fig. 8. Top: Sketch of NT-200+. Bottom: Detection volume of NT-200+ for z/g and 
events which survive all cuts. 
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Assuming 7 = 2 and a flavor ratio z/g : — l-l-l, a 90% C.L. limit on 

the Ve. flux of 



= 9 • lO'^cm-^s-isr-^GeV (3) 

could be established from three years recorded data . 

MC simulations have shown that the detection volume of NT-200+ for PeV 
cascades would vary only moderately, if NT-200 as the central part of NT-200+ is 
replaced by a single string of OMs. Fig. 10 gives the detection volume for different 
configurations as a function of cascade energy. The standard configuration of 
NT-200-1- is marked by empty rectangles. The other configurations comprise a 
single string instead of NT-200: a standard string of 70 m length and 24 OMs 
(filled rectangles), a half string with 12 OMs covering 35 m (dots), and a 70 
m long string sparsely equipped with 12 OMs (triangles). The configuration 
with the long 12-OM string shows an energy behaviour very close to the one 
of NT-200-f. For neutrino energies higher than 100 TeV, such a configuration 
could be used as a basic subarray of a Gigaton Volume Detector (GVD). Rough 
estimations show that 0.7 0.9 Gton detection volume for neutrino induced 

high energy cascades may be achieved with about 1300 OMs arranged at 91 
strings. A top view of GVD as well as sketch of one basic subarray are shown in 
Fig. 11. The physical capabilities of GVD at very high energies cover the typical 
spectrum of cubic kilometer arrays. We are presently working on simulations to 
optimize the response for TeV muons, maintaining at the same time the cubic 
kilometer scale for cascades with energy above 100 TeV. 
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Fig. 9. Left: Energy distribution of expected events induced by diffuse Ve and fluxes. 
Right: Reconstructed vs. simulated coordinates of cascades in NT-200-f (rectangles) 
and NT-200 (crosses). 
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Fig. 10. Detection volumes of different configurations. 



7 Conclusions and Outlook 

The deep underwater neutrino telescope NT-200 in Lake Baikal is taking data 
since April 1998. Using the first 502 live days, 84 neutrino induced upward going 
muons have been selected. Limits on the diffuse high energy (z^e + z^e) flux as well 
as on the Pg flux at the W-resonance energy have been derived. Also limits on 
an excess of the muon flux due to WIMP annihilation in the center of the Earth 
and on the flux of fast magnetic monopoles have been obtained. The additional 
analysis of the experimental data accumulated during 2000-2002 will allow to 
decrease these limits by a factor 2-3. 

Within the next few years we plan to upgrade the Baikal neutrino teles- 
cope to the 10 Mton detector NT-200+ with a sensitivity of approximately 
10"“^cm~^s~^sr~^GeV for a diffuse neutrino flux within the energy range 10^ 
TeV ^ 10^ TeV. NT-200+ will search for neutrinos from AGNs, GRBs and other 
extraterrestrial sources, neutrinos from cosmic ray interactions in the Galaxy as 
well as high energy atmospheric muons with > 10 TeV. 

In parallel to this short term goal, we started research & development activi- 
ties towards a Gigaton Volume Detector in Lake Baikal. 
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Fig. 11. Top view of GVD as well as sketch of one of its subarrays. 
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Status of the ANTARES Experiment 
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Abstract. The ANTARES Collaboration is building a neutrino telescope in the Me- 
diterranean Sea with the main purpose of searching for high-energy neutrinos from 
astrophysical sources. A description of the full detector and of its expected physics 
performances is given. Before the beginning of the construction of the full telescope, 
the Collaboration has developed, deployed and tested a prototype line with 15 pho- 
tomultipliers and an instrumentation line equipped with devices for environmental 
measurements. 



1 Introduction 

High energy cosmic neutrinos could be produced by powerful cosmic accelerators, 
as for example in supernova remnants, active galactic nuclei, compact binaries, 
micro-quasars; neutrinos could also be produced in association with gamma-ray 
bursts. Neutrino astronomy is complementary to high-energy gamma astronomy: 
the far Universe cannot be probed with high-energy photons due to photon- 
matter and photon-photon interactions. 

The proposed detectors for neutrino astronomy are the so called ” neutrino te- 
lescopes” : water or ice provides large active natural Cherenkov radiators, which 
can be instrumented at a reasonable cost. Those experiments are constrained by 
the small neutrino cross section and the large background due to secondary Cos- 
mic Rays. For this reason, detectors are proposed and constructed at large dep- 
ths where the atmospheric muon flux is signiflcantly reduced. Neutrinos (having 
crossed the Earth) are unambiguously recognized when upward-going muons are 
produced by their charged current interactions in, or close to, the instrumented 
region. 

The ANTARES (Astronomy with a Neutrino Telescope and Abyss environ- 
mental RESearch) collaboration [1] plans to deploy a neutrino telescope in the 
Mediterranean sea, 37 km off-shore of La Seyne sur Mer, near Toulon, France. 
An extensive R&D program has been carried out to prove the feasibility of such 
a detector and to measure the relevant environmental parameters of the selec- 
ted site [2, 3]. The ANTARES apparatus, see Fig. 1, will detect upward-going 
muons in sea water from charged current interactions of inside or around 
the detector. Relativistic muons crossing seawater produce Cherenkov light with 
cosOc = 1/n. The seawater refraction index n is about 1.35 at 450 nm, and 
therefore light is emitted at 6c — 42° at this wavelength. The emitted light will 
be detected by a three dimensional array of photomultipliers. 



Shore station 
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The success of the experiment will be the first step towards the construction 
of the km^ detector in the Mediterranean sea. 




Fig. 1. Schematic view of the ANTARES detector showing some details of an Optical 
Module and of a storey. The final detector will consist of 12 strings 



eadout cables 
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2 Scientific Purposes of the Experiment 

The main scientific purpose of the experiment is the detection of neutrinos with 
£■^10 GeV: astrophysical neutrinos TeV), neutrinos from dark matter 

TeV) and atmospheric neutrinos [4]. 

Point- like sources of neutrinos. The most powerful known extra-galactic 
sources are gamma ray bursts (GRBs) and active galactic nuclei (AGN). They 
could be candidate sources for the production of UHE cosmic rays (E>10^^ eV) 
and could also be “point sources” of 1 ^E^ 10^ TeV neutrinos. Thanks to 
its angular resolution (see sec. 3), ANTARES sensitivity to upgoing neutrino- 
induced jj, flux from point sources is (4 50) x cm~^ s“^ (90% c.l.) after 

1 year. Point-like sources can be searched, looking for an excess of events above 
the atmospheric u background. A binning method and a likelihood ratio test 
were developed. Detailed discussions on search strategies and discovery potential 
are given in [5]. To illustrate the expected ANTARES sensitivity to point-like 
sources, the neutrino flux from galactic micro-quasars [7] predicts in a 1° cone 6 
and 4 events/year for GX339-4 and SS433, respectively. This event rate can be 
compared with a background of 0.3 events/year. The ANTARES sky coverage 
is 3.5 TTsr and it is complementary to that of AMANDA [8] at the South Pole. 
The sky overlap of the two experiments is about 0.5 tt sr. ANTARES can look 
to the Galaxy center for about 70% of the time. 

Diffuse flux from astrophysical sources. Diffuse fluxes from astrophy- 
sical sources are expected to cross-over the atmospheric neutrinos at energies 
above ~ 100 TeV. Cosmic ray observations set an upper bound of 4.5 x 10“^ 
E“^ GeV~^cm~^s~^sr“^ to the u flux from sources which are optically thin for 
high energy gamma-proton and proton-proton (neutron) interactions [6] and Fig. 
2. The sensitivity (90% c.l.) to a diffuse differential neutrino fluxes, achieved 
rejecting the atmospheric neutrino background with a cut of E^ > 50 GeV ^ is 
8 X 10“^ GeV cm~^ s~^ sr“^ [9]. 

Dark matter searches. Neutralinos could be part of the dark matter halo in 
our Galaxy and could appear as Weakly Interacting Massive Particles ( WIMPs) . 
WIMPs could slow down by elastic collision in astrophysical objects such as the 
Sun, the Earth and the Galactic Center, and could be gravitationally trapped 
in their centers. WIMPs pair annihilation could take place, producing Standard 
Model particles decaying into neutrinos. In a z/ telescope as ANTARES, such 
processes could be observed as an excess signal of induced muons from the ob- 
ject cores. The resulting ANTARES muon flux limit in the case of neutralinos 
from the center of the Sun is presented in Fig. 3 [10]. The points superimposed 
on Fig. 3 correspond to theoretical predictions within the so-called mSUGRA 
framework, when the number of free SUSY parameters is reduced. 

3 Detector Layout and Expected Performances 

The Cherenkov light emitted by charged particles in deep water is detected 
using an array of photomultiplier tubes (PMTs), which are housed together with 
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Fig. 2. ANTARES sensitivity compared to diffuse fluxes and experimental limits. A 
data taking of 1 year allows to set a limit of 8 x 10“® GeV cm~^ s~^ sr~^ [9]. 



some associated electronic components, in a high pressure-resistant glass sphere 
(Optical Module, OM). Photon arrival times will be used for particle tracking 
and charge distributions for energy reconstruction. 

The detector (see Fig. 1) consists of 900 OMs in 12 identical 480 m long 
mooring lines ( “strings” ) plus an instrumentation line devoted to environmental 
monitoring. The strings are separated by a distance of ~ 60 m and are anchored 
to the seabed. Each string consists of 25 storeys separated by a distance of 14.5 
m. Each storey is equipped with 3 OMs oriented at 45° below the horizontal. 
The storeys are interconnected by an electro- mechanical cable. 

An ANTARES OM [3, 11] is composed of a 17” (43 cm) diameter pressure 
resistant glass sphere, containing a 10” Hamamatsu PMT (shielded from the 
Earth’s magnetic held by a mu-metal cage) with its associated electronics. The 
angular acceptance of the OMs is broad, falling to half maximum at 70° from 
the axis. The relative positions of all OMs in the detector are given in real time 
by an acoustic positioning system and by compasses and tilt-meters installed 
along the line, which allow the reconstruction of the shape of the line and the 
orientation of each storey. The absorption length in sea water was measured to 
be about 60 m for blue light and about 26 m for UV light. The average loss of 
light transmission of an OM due to fouling and sedimentation is less than 2% 
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Fig. 3. ANTARES sensitivity to a muon flux from neutralinos in the Sun. 



at its equator one year after deployment [2]. It decreases with increasing zenith 
angle and tends to saturate with time. 

At the base of each line (the “anchor”) there is a string control module 
(SCM), which contains the boards for the Slow Control, for the clock and for the 
acoustic positioning instruments. The strings are linked to a common junction 
box (JB) by electro-optical cables and distribute the power to the SCMs. Finally, 
an electro-optical cable (MEOC) links the JB with the shore station in La Seyne 
sur Mer. Data will be filtered on shore in real time by a farm of about 100 PCs. 
The main purpose of this data acquisition system (DAQ) will be to filter the 
physics events from the and bioluminescence background [12]. 

The parameters to qualify a neutrino telescope are its effective area, which in- 
cludes reconstruction and selection efficiency, the angular and the muon energy 
resolution. Fig. 4 (bottom) shows the muon effective area computed using a 
Monte Carlo (MC) simulation of an isotropic neutrino flux as a function of u 
energy after two different reconstruction quality cuts. For a typical astro- 
physical neutrino spectrum ~ 96% of the events are reconstructed with an error 
smaller than 1°. 
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The intrinsic angular resolution of the neutrino telescope is evaluated with 
MC events, as the median angular separation between the real and the recon- 
structed muon track. It depends on timing accuracy, reconstruction algorithms, 
and selection programs. In Fig. 4 (top) the median value of the distribution of 
the angle between the reconstructed and the simulated muon, and between the 
reconstructed muon and the parent neutrino vs. the neutrino energy are shown. 
Below 10 TeV the median angle between the muon and the neutrino is dominated 
by interaction kinematics, while above 10 TeV it is limited by the PMT transit 
time spread (cr 2.8 ns) and by light scattering in water (cr 1.5 ns), giving an 
angular resolution of about 0.2°. 

The energy resolution is a qualifying parameter for what concern the capabi- 
lity to select high energy events from the diffuse flux of astrophysical neutrinos. 
Above ^ 1 TeV the energy will be estimated by the features of the muon energy 
losses. Three different energy estimators have been developed [9]. The achieved 
energy resolution is a factor between 2 and 3 on above 1 TeV. 



4 The Prototype Lines 

Before the construction of the full telescope the ANTARES Collaboration has 
built a prototype optical line equipped with 15 optical modules and a prototype 
instrumented line for environmental studies. 

Sea operations and line calibrations. Sea operations for the deployment 
of the two prototype lines began on October 2001, when the main 50 km electro- 
optical cable (MEOC) has been successfully laid down the seabed. In December 
2002 the junction box and the prototype optical line have been deployed at the 
ANTARES site. With the success of the deployment of the instrumented line in 
February 2003 and the connection operation of the two lines to the junction box 
via the Nautile submarine in March 2003, the data acquisition started. 

The prototype optical line is 1/5 of a full future line, with 5 storeys and 15 
PMTs, interspaced by 12 m of cable, see Fig. 5 on the left. The top and bottom 
storeys are equipped with acoustic receivers; the second storey from the bottom 
has a LED beacon for time calibrations [13], and at the anchor a String Control 
Module, an acoustic receiver/transceiver and a pressure sensor are located. 

The prototype instrumented line (see Fig. 5 on the right) is formed 
of an anchor and two storeys. At the anchor a seismograph, an acoustic recei- 
ver/transceiver, a pressure sensor, and a laser beacon for optical modules cali- 
brations are located. In the lower storey there are a conductivity-temperature- 
density meter, an optical beacon, an acoustic receiver and a deep-sea light trans- 
missometer. In the upper storey a sound velocimeter and an acoustic Doppler 
current profiler are located. 

Underwater measurements. Two environmental background sources are 
expected to contribute in sea water to the rate acquired by the PMTs: conti- 
nuous radioactive decays and bioluminescence (light produced by chemical 
reactions taking place in marine organisms). The DAQ was successfully tested. 
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Fig. 4. (Top) Median value of the distribution of the angle between the reconstructed 
muon and the generated muon (solid line), and between the reconstructed muon and 
the parent neutrino (dashed line) vs neutrino energy. (Bottom) Effective area as a 
function of neutrino energy after quality cuts: the dotted line is for all selected events, 
the solid line requires a reconstruction error lower than 1°. The dotted horizontal line 
is the geometrical area. 
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Fig. 5. Situation on ANTARES site on March 2003. The MEOC and the JB (center) 
have been permanently installed. The prototype instrumented line (right) and the 
prototype optical line (left) were respectively recovered in May and in July 2003. 



together with the transmission of digital data through the main cable. Counting 
rate measurements with the prototype optical line were performed for about 
three months, together with environmental measurements from the prototype 
instrumented line. The compasses and tiltmeters monitored the movements of 
the lines. More details on the status and results of the two prototype lines are 
in [14]. 



5 Conclusions 

The ANTARES project has completed the design and test phases and is starting 
the construction phase. The Collaboration has successfully deployed and connec- 
ted the pre-production optical line and the instrumented line. Both lines have 
proved to be operational in real data taking conditions, and valuable data have 
been collected. By the end of 2004 the first full string is foreseen to be deployed 
and connected and in 2006 the full 12 string detector will be completed. 
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Abstract. In this paper the main results obtained by the MACRO experiment are 
described: results on atmospheric neutrino oscillations, high energy muon neutrino 
astronomy, final stringent upper limits on GUT magnetic monopoles and nuclear it es, 
searches for WIMPs, search for bursts from galactic stellar gravitational collapses, 
studies of the primary cosmic rays average composition at knee energies and of the 
penetrating high energy atmospheric muons. 



1 Introduction 

MACRO was a large area multipurpose underground detector [1, 2] designed to 
search for rare events and rare phenomena in the cosmic radiation. The detec- 
tor was located in Hall B of the underground Gran Sasso Laboratory (Italy). It 
was optimized to search for the supermassive magnetic monopoles [3, 4, 5] pre- 
dicted by Grand Unified Theories (GUT). The experiment obtained important 
results on atmospheric neutrino oscillations [6, 7, 8, 9, 10, 11] and performed 
neutrino astronomy studies [12], indirect searches for WIMPs [13], search for 
low energy stellar gravitational collapse neutrinos [14] , studies of various aspects 
of the high energy underground muon flux (which is an indirect tool to study 
the primary cosmic ray composition and interactions) [15, 16, 17], searches for 
fractionally charged particles [20] and other rare particles that may exist in the 
cosmic radiation [2, 21]. 

The detector was built and equipped with electronics during the years 1988 — 
1994. It started data taking in 1989; it was completed in 1994 and it was running 
in its flnal conflguration until December 19, 2000. The apparatus had global 
dimensions of 76.6 x 12 x 9.3 m^; it was composed of three sub-detectors: liquid 
scintillation counters, limited streamer tubes and nuclear track detectors, see Fig. 
1. Each one of them could be used in “stand-alone” and in “combined” mode. It 
may be worth pointing out that all the physics and astrophysics items listed in 
the 1984 proposal were covered and good results were obtained on each of them. 



2 Atmospheric Neutrino Oscillations 

If neutrinos have non-zero masses, they can suffer flavour-changes during propa- 
gation [21]. In the simple case of two flavour eigenstates (z/^, Vr) which oscillate 
with two mass eigenstates i^s), the survival probability of a beam is 
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Fig. 1. (Bottom) General layout of the MACRO detector; its overall dimensions were 
76.5 X 12 X 9.3 m^. (Top) Cross section of the detector, which also shows the various 
atmospheric neutrino topologies measured. 
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1 ~ 2esiv? ( 1 ) 

where Am?' = m\ — , L is the distance traveled by the neutrino of energy 

from production to detection. 

MACRO detected upgoing i/^’s via charged current interactions, /x; the 

upgoing muons were identified with the streamer tube system (tracking) and 
the scintillator system (time-of-flight measurement). The parent neutrinos have 
energies from a fraction of GeV up to more than 10 TeV and they travel distances 
L from few tens of km up to 13000 km. To test the oscillation probability (eq. 
1), we: (i) measured the neutrino path- length L (through the measurement of 
the muon zenith angle 0); (ii) estimated the neutrino energy (by Monte 
Carlo methods) by measuring 3 events topologies with different average energies 
(see Fig. 1 (top)), and from the measurement of the energy of throughgoing 
muons using the track deflection due to the multiple Coulomb scattering in the 
apparatus. 

All our data samples deviate in shape and in absolute value from Monte Carlo 
predictions, as shown in Fig. 2. A good knowledge of the neutrino flux is manda- 
tory. As a default, in our previous works [6, 7, 8, 9], we used the Bartol calculation 




cos 0 

Fig. 2. (a) Zenith distributions for the MACRO data (points) for UpThroughfx. 

The full lines are the no-oscillation MC predictions from Bartol [36] (upper) and 
Fluka/HKKMOl [37, 38]. The dashed lines refer to oscillation -> z/r with maxi- 
mum mixing and Am? = 2.5 • 10“^ eV^. The Fluka/HKKMOl lines superimposed 
each other in both cases. The new 3-D predictions are systematically below our data 
points in the case of oscillations, also for cos& > —0.4, when the reduction due to the 
oscillation is poor. 
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Fig. 2b, c. (b) InUp and (c) UpStop + InDown zenith angle distribution. In this 
case, the data are compared with [38] both for no-oscillation (full line with 21% total 
uncertainty) and oscillations (with best fit point). 



[36]; this flux can now be compared with some new 3-dimentional calculations 
[37, 38]. For below few tens of GeV, the 3-D fluxes use the recent measure- 
ments of primary cosmic rays (CR) with energies up to 100 GeV/nucleon. For 
higher neutrino energies, the same calculations suffer for larger uncertainties, 
because there are not enough data for primary CR above 100 GeV/nucleon [39]. 

The low energy events (InU P JnDown-\-UpStop in Fig.l (top)) are produced 
by parent interacting inside the lower detector, or by upgoing muons stopping 
in the detector. The median energy of the parent neutrino is ~ 4 GeV for all 
topologies. In this case, the expected prediction from the flux calculations are 
well constrained by direct CR measurements. The estimated total theoretical 
uncertainty on the absolute flux is 21%. 
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The up throughgoing muons (UpThrough) come from interactions in the 
rock below the detector; the i/^’s have a median energy 50 GeV; muons with 
> 1 GeV cross the whole detector. We measured 902 UpThrough muons, with 
the zenith angle distribution shown in Fig. 2a (points). The parent neutrino path 
length is L ^ 2Recos&, where Re is the Earth radius. For a subsample of ~ 300 
events, we measured the muon energy through Multiple Coulomb Scattering 
(MGS) in the detector rock absorber, using the streamer tube sub-system [10]. 
The evaluated resolution on the Ejy is ~ 150%. Each event was classified in one 
of four energy regions, with median ^/-energies of 13, 36, 88 and 140 GeV. We 
expect an increasing deficit (due to neutrino oscillations) when increasing the 
LjE^ ratio, as shown in Fig. 3 for the UpThrough subsample in which both the 
energy and path-length were measured. 




(black circles) and the semicontained up-yu (open circle). For the UpThrough events, 
the muon energy was estimated by multiple Coulomb scattering and E^ by MC me- 
thods. The shaded regions represent the uncertainties in the MC predictions assuming 
sin^ 20 = 1 and Am? = 0.0023 eV^. The horizontal dashed line at Data/MC=l is the 
expectation for no oscillations. 



For the energies of interest of UpThrough^ the uncertainty on the absolute 
value of the neutrino flux is large. The predictions of the quoted 3-D calculations 
are 30% lower than the older value of Bartol [38] ) . However the expected shape of 
the angular distribution, as well as the ratio between the number of horizontal 
to vertical events [9] and other ratios, are marginally affected by theoretical 
errors, as can be demonstrated by simple geometrical and kinematics arguments. 
Typical theoretical uncertainties on ratios are of the order of 5%. 



930 Maurizio Spurio 



Table 1. Ratios between different event categories : Rmeas is the measured value, Rr is 
the theoretical value expected for — > 1 /^ oscillations with Am^ — 2.3 X 10 ^ eV‘^ and 

maximal mixing, Ro is the expected value for no oscillations. The last column shows 
the one-sided probability compatible with a statistical fluctuation computed from a 
simulation. Since a ratio has non-gaussian distribution the errors are only indicative. 



Ratio 
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Rt 
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547.3 


1.38 ±0.12 


1.61 


2.11 ±0.13 
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0.98 


1.5 ±0.25 


8 X 10“® 


InUp / {InDown-h Up Stop) 


418.4 


0.60 ± 0.06 


0.56 


0.745 ± 0.06 


3 X 


Combination 
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For this reason, to test the hypothesis of no-neutrino oscillations and to 
evaluate the sensitivity, we consider the following three ratios: 

1. the ratio (Ver/Hor) between UpThrough with cosO < —0.7 (=Ver), and 
events with cos 6 > —0.4 (=Hor). The error affecting this ratio is about 6% 
(4.6% from the acceptance uncertainty and 4% from the theoretical errors) 

2. the ratio Niow and N^igh between events in the sub-categories with the lowest 
(13 GeV) and highest (140 GeV) median neutrino energy measured through 
MGS. The combined error in this ratio is about 17%, which depends mainly 
on that of the primary CR spectrum; 

3. the ratio between events in the low energy topologies InUp and 
InDown-hUpStop. The combined error on this ratio is about 6%. 



Tab. 1 gives the measured values of the three ratios and the predictions 
for no-oscillations. Combining the three independent results, the probability of 
agreement with the no-oscillation is at level of ~ 4 x 10“^ (about 5cr). 

To evaluate the hypothesis of oscillation (eq. 1) for different values of Am^ 
and si'n?20, a x^-like function was used, based on the 10 bins of the measured 
zenith distribution (Fig. 2a), the number of InUp and InDown + UpStop events 
and the ratio Niow/J^high- The Feldman- Gousins procedure was used, and the 
corresponding 90% c.l. region for the oscillation is shown in Fig. 4. The 

highest probability jdof = 10.05/11) is reached at Am? = 0.0023 eV‘^ and 

sin^ 26m = 1. 

Finally, it is to point out that our experimental data provide also a constraint 
about the normalization value of the atmospheric neutrino flux. The new 3-D 
calculation (based on new CR fits at energies higher than 100 GeV /nucleon) are 
about 30% lower than our data (assuming neutrino oscillations, as shown in Fig. 
2a), also near the horizontal direction when the effect of oscillations is poor. The 
shapes differ less than 5% with respect to each others. 
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Fig. 4. 90% C.L. contour plots of the allowed MACRO region. The star indicates the 
best-fit point. 



3 Neutrinos from Astrophysical Sources 

Search for Astrophysical HE muon neutrinos. High energy are ex- 
pected to come from several galactic and extragalactic sources. Neutrino pro- 
duction requires astrophysical accelerators of protons and astrophysical ’’beam 
dumps”. The good MACRO angular resolution allowed a sensitive search for 
upgoing muons eventually produced by neutrinos coming from celestial sources, 
interacting below the detector. An excess of events was searched for around the 
positions of known sources in 3° (half width) angular bins. 90% c.l. upper limits 
were established on the muon fluxes from specific celestial sources; the limits 
lay in the range 10 “^^ — 10 “^^ cm“^ s“^. A search for time coincidences of the 
upgoing muons with 7 -ray bursts was also made. No statistically significant time 
correlation was found [ 12 ]. 

A different analysis was made for the search for a diffuse astrophysical neu- 
trino flux, using a dedicated method to select higher energy up-throughgoing 
muons. The flux upper limit was set at the level of 1.5 • 10“^^ cm“^ s~^[19]. 
Indirect Searches for WIMPs Weakly Interacting Massive Particles (WIMPs) 
could be part of the galactic dark matter; they could be intercepted by cele- 
stial bodies, slowed down and trapped in their centers, where WIMPs and anti- 
WIMPs could annihilate and yield neutrinos of GeV or TeV energy, in small 
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angular windows from their centers. One WIMP candidate is the lowest mass 
neutralino. 

To look for a WIMPs signal, we searched for upthroughgoing muons from the 
Earth center, using 10 ^ — 15^ cones around the Nadir; the 90% muon flux limits 
are 0.8-1. 4 10“^^ cm“^ s“^. The limits, when compared with the predictions of 
a supersymmetric model, eliminate a sizable range of parameters used in the 
model. A similar procedure was used to search for from the Sun: the muon 
upper limits are at the level of about 1.5 — 2 • 10“ cm“^ s“^, [13]. 

Neutrinos from Stellar Gravitational Collapses. A stellar gravitational 
collapse (GC) of the core of a massive star is expected to produce a large burst 
of all types of neutrinos and antineutrinos with energies of 5 — 60 MeV and with 
a duration of ~ 10 s. The can be detected via the process ^ 

in the liquid scintillator. About 100^ 150 Ve events could have been detected in 
the 580 t scintillator for a stellar collapse at the center of our Galaxy. For this 
search, two electronic systems were used. Both systems had an energy threshold 
of ~ 7 MeV and recorded pulse shape, charge and timing information of the 
positron. Immediately after a > 7 MeV trigger, one of the two systems lowered 
its threshold to ~ 1 MeV for 800 /i s in order to detect (with a ~ 25 % efficiency) 
the 2. 2 MeV 7 released in the reaction n -h p -> d -h 7 induced by the neutron 
produced in the primary process. 

During MACRO livetime, a supernova alarm system was in operation, aler- 
ting immediately the physicists on shift. A general procedure was deflned to 
alert the physics and astrophysics communities in case of an interesting alarm. 
Finally, a procedure to link the various supernova observatories around the world 
was set up [14]. No stellar gravitational collapses in our Galaxy were observed 
from 1989 to 2000. 



4 Magnetic Monopoles and Nuclearites 

Supermassive magnetic monopoles (MMs) predicted by Grand Unified Theories 
(GUT) of the electroweak and strong interactions should have masses of the 
order of uim ~ 10^^ GeV. These MMs could be present in the penetrating cosmic 
radiation and are expected to have typical galactic velocities, [3 = vjc ^ 10 “^, if 
trapped in our Galaxy. MMs trapped in our solar system or in the supercluster 
of galaxies may travel with (3 ~ 10“^ and ~ 10“^, respectively. In the presence 
of strong magnetic fields, they may reach higher velocities. Possible intermediate 
mass MMs could reach relativistic velocities. 

The reference sensitivity level for a significant MM search is the Parker bo- 
und, the maximum monopole flux compatible with the survival of the galactic 
magnetic field. The limit is ~ 10“^^ cm“^ s“^ sr“^; it could be lower by almost 
an order of magnitude when considering the survival of a small galactic magnetic 
’’seed” field [21] [3] [4]. 

MACRO was designed to reach flux sensitivity well below the Parker bound, 
in the range 4 x 10“^ < P <1. The three sub-detectors had sensitivities in 
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Fig. 5. The global MACRO MM direct upper limits compared with direct limits from 
other experiments. 



wide /^-ranges, with overlapping regions; thus they allow multiple signatures of 
the same rare event candidate. No candidates were found by any of the three 
subdetectors. Fig. 5 shows the 90% C.L. flux upper limits for g = gj^ poles (one 
unit of Dirac magnetic charge) plotted versus [3 [4] together with direct limits 
set by other experiments [22] . The MACRO MM direct limits are by far the best 
existing over a very wide range of /5 , 4 x 10~^ < [3 <1. 

Monopole catalysis of nucleon decay. The interaction of the GUT monopole 
core with a nucleon can lead to a reaction in which the nucleon decays, f.e. 
MH-p->M + e++7T^. The cross section for this process is of the order of the 
core size, a ~ 10“^^ cm^, practically negligible. But the catalysis process could 
proceed via the Rubakov-Callan mechanism with a cross section of the order 
of the strong interaction cross section [23]. A dedicated analysis procedure was 
developed aimed to detect nucleon decays induced by the passage of a GUT 
MM in the streamer tube system (a fast e+ track from a slow {(3 ^ 10~^) MM 
track). The 90% C.L. flux upper limits established by this search are at the level 
of ~ 3 • 10“^^ cm~‘^s~^sr~^ for 10“^;S/3^0.5 • 10“^, and valid for large catalysis 
cross sections, 5 • 10^ < a cat < 10^ [5]. 

Nuclearites (Strangelets, Strange Quark Matter) should consist of aggregates 
of u, d and s quarks in almost equal proportion [24]. They could have been 
produced shortly after the Big Bang or in violent astrophysical processes, and 
may have survived as remnants; they could be part of the present cold dark 
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matter and would have typical galactic velocities, j3 ~ 10~^. They should yield 
a large amount of light in scintillators and large signal in the nuclear track 
detectors. The MACRO 90% upper limits for an isotropic flux of nuclearites 
with 10“^ < < 1 was set at level of 1.5 x cm~^ s~^ sr~^ [27] [28]. 

Search for Lightly Ionizing Particles. Fractionally charged particles could 
be expected in Grand Unified Theories as deconfined quarks; the expected char- 
ges range from Q=e/5 to Q=e 2/3. They should release a fraction {QjeY of 
the energy deposited by a muon traversing a medium. Lightly Ionizing Particles 
(LIPs) have been searched for in MACRO using a four-fold coincidence bet- 
ween three layers of scintillators and the streamer tube system. The 90 % C.L. 
flux upper limits for LIPs with charges 2e/3, e/3 and e/5 are at the level of 
cm~^ s~^ sr~^ [ 20 ] 



5 Cosmic Rays and Atmospheric Muons 



The large area and acceptance of the MACRO detector allowed the study of 
many aspects of physics and astrophysics of cosmic rays (CR). ~ 6 x 10^ 
single muons and ~ 3.7 x 10® multiple muons were recorded, at the rate of 
- 18,000/day. 

Muon vertical intensity. The underground muon vertical intensity vs. rock 
thickness provides information on the high energy {E ^ 1.3 TeV) atmospheric 
muon flux and on the all-particle primary CR spectrum. We covered the over- 
burden range 2200 ^ 7000 hg/ cm^ [15]. 

High multiplicity muon bundles. The study of the multiplicity distribution 
of muon bundles provides information on the primary CR composition model. 
The study of the distribution of the distance between two muons in a muon 
bundle (decoherence) provides mainly information on the hadronic interaction 
features at high energies. We used different hadronic interaction models (DP- 
MJET, QGSJET) interfaced to the HEM AS and CORSIKA shower propagation 
codes [16], [17]. 

Muon arrival time distribution. It was checked that it is random [29]. 
Moon and sun Shadows of primary CR. The pointing capability of MACRO 
was demonstrated by the observed “shadows” of the Moon and of the Sun, which 
produce a “shield” to the CR. In a sample of 5 • 10^ muons, collected over many 
years, we looked at the bidimensional density distribution of the events around 
the directions of the Moon and of the Sun[33, 34]. For the Moon we observed 
a depletion of events with a statistical significance of 6.5 cr. In the sun window, 
taking into account the combined effect of the magnetic field of the Sun and of 
the Earth, the observed reduction has a statistical significance of 4.6 a [34], 
The angular resolution was checked with double muons: the angle containing 
68% of the events in a AO bin is 0.8^; this value correspond to the MACRO 
angular resolution. 
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Muon Astronomy. In the past, some experiments reported excesses of modu- 
lated muons from the direction of Cyg X-3. The data do not indicate significant 
excesses above background, both for steady dc and modulated ac fluxes. 

The sky, in galactic coordinates, was divided into cones of 1.5^ half angles. 
For each solid angle bin the deviation from the average expected muon intensity 
(evaluated using a Monte Carlo) was computed. No unexpected d.c. anomalies 
were found, and for the majority of the bins flux upper limits were obtained 
at the level of < 5 x [30]. In particular, for Cyg 

X-3, Mrk421, Mrk501 searches were performed in a half angle cone around 
the source direction. The flux limits are at the level of (2 — 4) • 

From Cyg X-3 and Her X-1, we looked also for a modulated a.c. excess, and no 
anomalies were observed. 

Seasonal variations. Underground muons come from meson decays in flight 
in the atmosphere. The muon flux depends on the ratio between the decay and 
interaction probabilities of the parent mesons, which are sensitive to the atmos- 
pheric density and to the average temperature. The flux decreases in the winter, 
when the temperature in the upper atmosphere is lower and the atmosphere more 
dense, and increases in the summer [31, 32]. We measured an annual variation 
at the level of dz2% (see Fig. 6.) 
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Fig. 6. Seasonal variation of the muon flux (black triangles); the open circles are 
measurements of the temperature of the upper atmosphere. 



We expect (with a considerably smaller amplitude) also a daily variations 
similar to seasonal ones, because of variations in the day-night temperatures. 
Using the total MACRO data, these variations were found with an amplitude 
A = (0.88 zb 0.26) • 10“^ with a significance of about 3.4 a [32]. 
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Sidereal anisotropies arise from the motion of the solar system through the 
“sea” of relativistic CR in our galaxy. After a correction due to the motion of 
the Earth around the Sun, we observe variations with an amplitude of 8.6 • 10~^ 
and a phase 4>rnax = 22.7° with a statistical significance of 3 cr [32]. 

Muon energy measurement with the Transition Radiation Detectors 
(TRD) detector. The underground differential energy spectrum of muons was 
measured with three TRD, with total area of 36 m? installed in the empty upper 
part of MACRO. Two types of events were analyzed : “single muons”, i.e. single 
events in MACRO crossing the TRD detector, and “double muons” , i.e. double 
events with only one muon crossing the TRD. The measurements refer to muon 
energies 0.1 < < 1 TeV [35]. The average single muon energy at the Gran 

Sasso underground lab is 270 GeV; for double muons it is ~ 380 GeV. Double 
muons are more energetic than single muons, in agreement with the predictions 
of interaction models of primary GRs in the atmosphere. 

EAS-TOP/MACRO Coincidences. MACRO detected events in coincidence 
with the Extensive Air Shower detector EASTOP located at Campo Imperatore. 
EASTOP[25] measured the e.m. size of the showers above the surface, MACRO 
measured penetrating muons underground [26]. The purpose was to study the 
primary cosmic ray composition versus energy, reducing the dependence on the 
interaction and propagation models. The two completed detectors operated in 
coincidence for a livetime of 960 days. The number of coincident events was 
28160, of which 3752 had shower cores inside the edges of the EASTOP array 
(“internal events”) and shower sizes Ag > 2 • 10^; 409 events had > 10^-^, 
i.e. for energies above the CR knee. The data were analyzed in terms of the 
QGSJET interaction model as implemented in CORSIKA. 

Event coincidence between the two experiments was made off-line, using the 
absolute time given by a GPS system, with an accuracy of better than 1 fis. Fig. 
7 shows the results, plotted as {logioA) versus logioE (E in TeV); the data are 
consistent with an increase of {logi^A) with energy in the CR knee region: A 
increases from A 8 to A ~ 28; this is in agreement with the measurements of 
EAS-TOP alone and with the results of other experiments [26]. 



6 Conclusions 

The MACRO detector took data from 1989 till the end of year 2000. Important 
results were obtained in all the items listed in the proposal : 

Atmospheric neutrino oscillations. In this field MACRO has had its ma- 
jor achievements. Analysis of different event topologies, different energies, the 
exploitation of Coulomb multiple scattering in the detector are all in agree- 
ment with the hypothesis of oscillations, with maximal mixing and 

Am?" 2.3 • 10~^ eV^, with a significance of ^5cr. 

GUT Magnetic Monopoles. The best direct flux upper limit over the widest 
(3 range was obtained, thanks to the large acceptance and the redundancy of the 
different techniques employed. 
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Log(E/TeV) 

Fig. 7. < In A > vs primary energy (continuous line). The hatched areas represent 
the 68% uncertainty range due to the statistical error. We also superimpose the results 
of K ASC ADE and of E AS-TOP (open squares) [26] . 



High energy muon neutrino astronomy. Thanks to the good angular accu- 
racy MACRO was highly competitive with other underground and underwater 
experiments. 

Search for bursts of T>e from stellar gravitational collapses. MACRO was 
sensitive to supernovae in our Galaxy, it started the SN WATCH and for some 
time it was the only detector in operation. 

Cosmic ray downgoing muons. We observed: the shadows of primary cosmic 
rays by the Moon and the Sun, seasonal variations, and solar and sidereal varia- 
tions. No excesses of secondary muons from astrophysical point sources (steady, 
modulated or bursting) were observed. The limits obtained are the best existing. 
Coincidence events between MACRO and EASTOP. The data indicate 
an increase with increasing energy of the average A of the primary CR nuclei. 
Searches for possible Dark Matter candidates, (i) WIMPs, looking for 
upgoing muons from the center of the Earth and of the Sun; (ii) Nuclearites. 
Searches for Lightly Ionizing Particles with f < g < |e. 

The results have been published in 47 papers in refereed journals. 
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Experiment and Neutrino Observatory 
at the Gran Sasso Laboratory 
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Abstract. In this paper we report on the current status of the ICARUS experiment. 
In particular, the liquid Argon TPC principles, the first 600 ton module (T600) main 
characteristics and the physics program for the final 3000 ton detector (T3000) are 
described in some detail. 



1 Introduction 

The study of very rare nuclear signals, like those related to the neutrino interac- 
tions, requires the use of very massive detectors, better if characterized by a good 
granularity. The liquid Argon Time Projection Chamber (LAr TPC) technology 
[1] can answer to this problem. 

Since 1985 the ICARUS Collaboration has been developing this innovative 
technique. A number of test devices with increasing dimensions have been suc- 
cesfully tested over the years [2], [3], [4]. 

Recently a 300 ton detector (the first semi-module of the T600 [5]) has been 
tested with cosmic rays, with fully satisfactory results. ICARUS is now ready 
for the experimental applications. 



2 LAr TPC Principles. 

The operational principle of the LAr TPC is based on the fact that in a highly 
purified LAr, ionization tracks can be transported practically undistorted by a 
uniform electric field over distances of meters. Imaging is then provided by an 
appropriate set of electrodes (wires) placed at the end of the drift path conti- 
nuously sensing and recording the signals coming from the drifting electrons. 
Non destructive readout of ionization electrons by charge induction allows to 
detect the signal of electrons crossing subsequent wire planes with different ori- 
entations. 

Liquid Argon has to be ultra-pure (< 0.1 pph O 2 equiv. contaminants) to 
allow for drift distances of the order of few meters. This requires: 



• A very careful material choice; 
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• Strict cleaning procedures and outgassing treatments; 

• Argon purification and recirculation procedures (in both liquid and gaseous 
phases) ; 

• LAr purity measurement with the development of high-sensitivity purity mo- 
nitors; 

• Signal feed-throughs with high density vacuum-tight flanges. 

Other technological challenges include: 

• A cryogenic system stability with temperature uniformity of the order of 

AT < rC; 

• High grade mechanical performance of the wire chambers at cryogenic tem- 
perature and also during thermal transients (cool down and warm up); 

• A High Voltage system which provides a stable and uniform electric field all 
over the LAr volume; 

• Development of a HV feed-through stable up to —150kV without discharges 
and leakage currents; 

• Data reduction: each channel (wire) gives about 3kBytes/ drift (sampling 
at 2.5 MHz) which corresponds to 150M Bytes /event in the T600 module 
(about 55,000 wires); 

• Zero skipping with a dedicated processor (DAEDALUS); 

• Scintillation light detection with VUV sensitive PMTs immersed in Lar 

The absence of charge amplification in liquid argon requires: 

• Low noise electronics with large dynamic range (for e.m. showers): the depo- 
sited charge by a minimum ionizing particle is of the order of 1.5 fC /mm; 

• Careful design of the analogical part; 

• Careful design of the signal path before amplification (groundings, parasitic 
capacitances, wire-shields, etc.). 



3 T600 Module 

ICARUS T600 [5] is a large cryostat split in two identical, adjacent semi- modules, 
each one with internal dimensions 3.6 m (width) x 3.9 m (height) x 19.9 m (long). 
Each semi-module houses an internal detector composed by two TPCs, the ca- 
thode, the field shaping system (race tracks), monitors and probes, and by a 
system for the LAr scintillation light detection. The semi-modules are exter- 
nally surrounded by thermal insulation layers. 

The total number of wires in the T600 detector is about 55,000. The readout 
of the signals induced by ionizing particles in LAr on the wires allows a full 
three-dimensional reconstruction of the recorded events. 

At a nominal voltage of - 75 kV, corresponding to an electric field of 500 
V/cm, the maximum drift time is of the order of 1 ms. 

The electronic chain is designed to allow continuous readout, digitization and 
wave-form recording of signals from each wire of the TPCs. It is composed by 
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Table 1. ICARUS T600 main characteristics. 



Max LAr container external (internal) dimensions: 

height 

width 

length 


4.5 (3.9) m 
4.5 (3.6) m 
21.0 (19.9) m 


Maximum own weight per unit 
Maximum insulation thickness 
Maximum thermal gradient in the LAr 
Maximum operating pressure 


90 ton 
500 mm 
1°C 

1.5 bar abs 


Purification speed during the filling 
Gas recirculation speed 
Liquid recirculation speed 


2 LAr m® / hr 
50 GAr Nm^ / hr 
2 LAr / hr 


Maximum drift length 
Maximum drift time at 500 V / cm 


1.5 m 
1 ms 


Number of readout chambers 
Number of wire planes per chamber 
Wires orientation respect to horizontal 
Wires pitch 


4 

3 

0, ±60° 
3 mm 


Wires length: 
horizontal wires 
wires at ±60° 
wires at ±60° (triangles) 
Wires diameter 
Wires nominal tension 


9.40 m 
3.77 m 
0.49 - 3.81 m 
0.15 mm 
12 N 


Number of wires per chamber: 

horizontal wires 

wires at ±60° 

wires at ±60° (triangles) 

total 

Total number of wires 
Total sensitive LAr mass 


2,112 
9,280 
1,920 
13,312 
53,248 
476 ton 


Number of cathode panels 
Dimensions of a cathode panel 
Cathode panel thickness 
Cathode panel pierced surface 


9 

2.0 X 3.2m^ 
1.5 mm 
58% 


Race tracks dimensions 
Number of elements/race track 
Race track diameter 
Race track thickness 
Race track pitch 


18.1m X 3.2m 
20 

34 mm 
0.8 mm 
50 mm 
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Fig. 1. The internal detector of a T600 semi- module: wire chamber and PMTs. 
2aboring figure 



three basic units: the Decoupling Board, the Analogue Board and the Digital 
Board which employs two custom chips, specially developed, called DAEDALUS, 
implementing a hit finding algorithm. 

Ionization in LAr is accompanied by scintillation light emission. Detection of 
this light can be used to provide an effective method for absolute time measure- 
ment of the events and an internal trigger signal. A system to detect this light 
has been implemented based on large surface (8”) PMTs directly immersed in 
LAr. 

The scintillation light is a monochromatic radiation in the far vacuum ultra- 
violect (VUV) spectrum with A = 128 nm. The PMTs have been made sensitive 
to the LAr VUV photons by coating the glass window with a proper fluorescent 
wavelenght shifter. 

In table 1 the main characteristics of the T600 are summarized. 



4 T3000 Module 

The activities of the ICARUS Collaboration in the near future will develop along 
two main lines: 

• The transport of the T600 module to the LNGS and its commissioning. 
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Fig. 2. The internal detector of a T600 semi-module: cathode and race tracks. 
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Fig. 3. An event taken in the 2001 technical run of the T300 showing a hadronic 
interaction. 



• Within the framework of the 1997 proposal [5], and on the basis of the expe- 
rience of the T600 module, the design and assembly of clones of the present 
prototype module in a series of units [6], in order to reach a suitable mass 
to fully exploit the physics potentials of the CNGS beam. This will be inevi- 
tably a graded program, in which the mass will be increased in a number of 
successive steps. 
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5 Physics Program 

The Physics program of the complete detector (T3000) at the Gran Sasso La- 
boratory is very rich: 

• Background- free nucleon decay search; 

• Solar neutrino observation; 

• Supernova neutrino watch; 

• Atmospheric neutrino observation; 

• Long baseline tau and electron neutrino appearence search. 

Thanks to excellent tracking and particle identification capabilities, ICARUS 
is a unique tool for nucleon decay searches with: 

• Very high efficiency; 

• Very good background rejection; 

• Bias free analysis. 

In table 2 the efficiency, the expected background, the limit achievable in 5 
kton year exposure and the needed exposure to reach the present limit (PDG’02) 
are shown for some interesting nucleon decay channels. 



Table 2. Nucleon Decay: ICARUS expected sensitivities. 



Channel 


Efficiency 

(%) 


Background 

(evts.) 


Exposure 
(kton -yr) 
( 


r/B limit 
(10®2 yr 


Needed Exposure 
to reach 

PDG’02 (kton -yr) 


p pL~ 7T“^ 


98 


0.005 


5 


5.7 


2.1 


p — >• tt"^ 7r~ 


19 


0.125 


5 


1.1 


3.8 


P V 


42 


4 


5 


1.2 


0.5 


p 7t"^ {'k—) 


30 


6 


5 


0.7 




p (tt”^ 7t“) 


16 


20 


5 


0.2 




n — > e~ 


96 


0.005 


5 


6.9 


0.2 


n fjL~ 


45 


0.12 


5 


3.2 


1.6 


n — > e"^ 7 t“ 


44 


0.04 


5 


3.2 


2.5 


n ^ i? 


45 


2.4 


5 


2 


2.4 


n fj,~ 


21 


15 


5 


0.4 




n — > e"^ (tt”) 


26 


27 


5 


0.4 





We can see that for many decay channels, in a few years of exposure (for 
the T3000) we will achieve a substantial improvement of the present limits. Our 
results will be rather complementary to SuperKamiokande ones: water Ceren- 
kov detectors are good at back-to-back three-ring events, hence in ctt^ and 
channels. Instead in the nuK channel the efficiency in LAr is about 10 times 
better than in the SK case. 
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Concerning atmospheric neutrinos, ICARUS thanks to its imaging properties 
will provide: 

• Unbiased, systematic-free observation of atmospheric neutrino events. We ex- 
pect improvement with respect to SK which focuses to single-ring CC events 
and relies on MonteCarlo for other analyses; 

• Charged Current to Neutral Current separation, clean electron to muon di- 
scrimination, excellent electron to tt^ separation, particle identification for 
slow particles; 

• Good energy and angular reconstruction. 

ICARUS will also provide real time detection of solar neutrinos through two 
independent reactions: 

• Elastic scattering on atomic electrons {i^x + e~ -> -f e“) 

• Neutrino absorption on Argon nuclei (i^e At — > + e“) 

ICARUS will be sensitive to and hep components of the solar neutrino 
spectrum. 

In the hypothesis of no oscillation, with a threshold of 8 MeV the expected 
events for one year exposure of the T600 is of the order of 120 for the elastic 
channel and 70 for the absorption channel (Fermi and Gamow- Teller) . 

ICARUS can also detect neutrinos coming from stellar collapses through two 
processes: 

• Elastic scattering {ux + Ux A e~ and i7x e~ — > -h e“); 

• Absorption on Argon nuclei (z/g + _j_ _|_40 ^ 

40c/* +e+). 

The real-time detection, the excellent granularity and good energy resolution 
of the LAr TPC will allow to collect and identify interactions from long baseline 
CNGS neutrinos. In particular: 

• z/^ CC events will provide online study of beam profile, steering and norma- 
lization; 

• z/g CC events will be used for the search for z/^ z/g oscillations with the 
best sensitivity until the JHF-SK program; 

• Ur CC events will be used for the search for z/^ z/^- oscillations with high 

sensitivity; 

• NC events will be used for the search for Us oscillations or exotic models. 

In Table 3 the expected detected events for 5 years running of the T3000 
detector, in the CNGS beam with nominal performances are shown for different 
T decay modes and for different values. 



6 Outlook 

The successful operation of the first ICARUS T300 half-module (Summer 2001) 
showed that the technique has matured. The second T300 half-module has been 
completed. 
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Table 3. CNGS Vr appearence search: ICARUS expected sensitivity. 



T decay 
mode 


Signal 
Arn^ = 

1.6 • lO'^eU^ 


Signal 
Am^ = 

2.5 • 10~^eV^ 


Signal 
Am^ = 

3.0 • lO-^eU^ 


Signal 
Am^ = 
4.0 • 10~^eU^ 


Back- 

ground 


T e 


3.7 


9 


13 


23 


0.7 


r ^ p DIS 


0.6 


1.5 


2.2 


3.9 


< 0.1 


T — >■ p QE 


0.6 


1.4 


2.0 


3.6 


< 0.1 


Total 


4.9 


11.9 


17.2 


30.5 


0.7 



The T600 detector will be installed in Hall B of LNGS in 2004 and commis- 
sioned for physics right after. 

To reach the design mass (T3000), the cloning of the T600 for further modules 
has been approved and the detector design is in progress. 

We are planning to extend the T600 with two new T1200 modules by early 
2006 (for CNGS start up). 
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Abstract. This review presents the results on the Higgs boson searches in e'^e“ col- 
lisions at LEP. The phenomenology of the Higgs boson decays in the Standard Model 
(SM) as well as in various models beyond that, is outlined. The results reported in this 
article, are obtained including all the data recorded by the LEP collider at centre-of- 
mass energies up to 209 GeV. In several channels, the results of the four experiments 
ALEPH, DELPHI, L3 and OPAL are combined. Nevertheless in most searches, the 
final numbers are still to come. 



1 Introduction 

The origin of electroweak symmetry breaking and hence the Higgs mechanism is 
a fundamental question that has not been answered yet. Since the beginning of 
LEP in 1989 and up to its final shutdown in the year 2000, with special emphasis 
during the last years of running in which LEP raised its energy, the search for 
Higgs bosons has been of great interest. Due to minor model dependence in 
the phenomenology of the Higgs bosons, several theoretical models have been 
explored at LEP with only a few number of searches. On top of the searches for 
the SM Higgs boson, the results encompass neutral and charged Higgs bosons in 
general Two Higgs Doublet Models (2HDM) as well as the searches for doubly 
charged Higgs bosons and for new neutral scalar bosons. In order to increase the 
sensitivity of the searches, the results of the four LEP experiments (ALEPH, 
DELPHI, L3 and OPAL), are combined in several channels, whenever possible. 
Details of the luminosity recorded by the four experiments per year are given in 
table 1. 



2 Search for the Standard Model Higgs Boson 

Within the SM, the Higgs mechanism predicts one neutral Higgs boson but with 
a mass which is not predicted by the theory. Nevertheless for self-consistency 
of the SM up to a certain scale A, a lower and an upper bound on its mass 
exist which depend on A. For example at A values close to the grand unification 
scale Aqut ~ 10 ^^ GeV, the Higgs boson mass is confined between 130 and 
190 GeV/c^ [1], bounds which are a little bit beyond the sensitivity of LEP. The 
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Table 1. Integrated luminosity C per experiment for each of the data taking periods 
of LER 



(GeV) 


Year 


C (pb 

per experiment 


91 


1989-1994 


165 


130-183 


1995-1997 


90 


189 


1998 


170 


192-202 


1999 


230 


200-209 


2000 


230 


Sum 


1995-2000 


700 



discovery of a Higgs boson at LEP with a mass less than 130 GeV/c^ would have 
given an important indication for new physics at energies below the GUT scale. 

Combining the precision measurements of LEP, SLC, Tevatron, NuTeV and 
others on the electroweak parameters [2], indirect experimental constraints are 
obtained which depend logarithmically on the Higgs boson mass through radia- 
tive corrections. Currently these measurements constrain the SM Higgs boson 
mass to rriH = GeV/c^ implying an upper limit on mn < 219 GeV/c^ at 

the 95% confidence level CL diS shown in fig 1. Moreover from the direct searches 
at LEP, as explained further on the next section, a lower bound of 114.4 GeV/c^ 
on the SM Higgs boson mass is set at the 95% CL. 

2.1 SM Higgs Boson Production and Decay Modes 

At LEP energies, the SM Higgs boson is expected to be produced mainly via the 
Higgs-strahlung process e“*“e“->HZ with small contributions from the WW-^H, 
ZZ-^H fusion processes. The Higgs boson decays mainly into a pair of b quarks or 
tau leptons. For example, for Higgs boson masses in the vicinity of 115 GeV/c^, 
(the kinematic limit of the Higgs-strahlung process at y^=206 GeV), the ratio 
of the Higgs decays to bb pairs is 74%, while other decays to r+r“, WW*, gg 
(~7% each) and to cc of 4% make up for the rest of the decay width. The final- 
state topologies are mainly characterized by the Z final states and classified as 
Tour-jets’ {B.Z^bbqq), ’missing energy’ {WL^bbvv), ’leptonic’ (56e+e~, 
and ’tau’ {bbr^ r~ qq) channels. The dominant background processes with 
a cross-section which can attain a few hundreds of picobarns are the 2-fermion 
production of ^^(ny) and the four-fermion production dominantly WW, ZZ pair 
production, while the Higgs production cross-section is typically around one 
picobarn. 

2.2 Analysis Procedure and Results 

The four LEP experiments perform their analyses by applying first a set of 
preselection criteria to reduce the main background from the 2-fermion and 2- 
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Fig. 1. Ax^ curve derived from the precision electroweak measurements, as a function 
of the Higgs-boson mass. The line is the result of the fit using all data; the band 
represents an estimate of the theoretical error due to missing higher order corrections. 
The vertical band shows the 95% OL exclusion limit on mn from the direct search. 
The dashed curve is the result obtained using the evaluation of Aahad{jn%) from a 
reference inside [2]. 



photon processes. The remaining background from the 4- fermion processes is 
further reduced by using likelihood or neural network techniques. The require- 
ment of the b-flavour which is abundant in the Higgs boson decays as well as 
the reconstruction of the recoil mass to the Z boson interpreted as the candidate 
mass for the Higgs boson, play an important role in the discrimination between 
the signal and the background. The latest results on the analyses can be found 
in the references inside [3]. 

At the level of the selected events, the real data are compared to simulation 
in order to test the hypotheses of background only or signal-hbackground to 
derive the final results. The statistical procedure adopted for the combination 
of the data and the precise definition of the confidence levels {CL) CLt, CLg+b^ 
CLs, with which the search results are expressed, are stated in [3]. 

The results obtained by the four LEP collaborations, in terms of expected 
and observed limits on the Higgs boson mass are summarized in table 2. The 
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Fig. 2. SM Higgs searches; Left plot; Distribution of the reconstructed Higgs mass 
obtained after a set of selection criteria in which for a Higgs boson with a 
mass of 115 GeV/c^ the ratio of expected to background events is 2 in the region 
of >109 GeV/c^. Right plot: Confidence level CLs for the signal hypothesis. The 
solid line represents the observation and the dashed line represents the median back- 
ground expectation. The dark and light shaded bands correspond to 68% and 95% 
probability bands around the median background expectation. The intersection of the 
horizontal line with the observed curve at CLs = 0.05, defines the 95% CL lower bound 
for the mass of the SM Higgs boson. 

Table 2. Expected and observed limit on the Higgs boson mass as obtained by the 
four LEP experiments from the SM searches. 





expected 

limit 

(GeV/c^) 


observed 

limit 

(GeV/c^) 


ALEPH 


113.5 


111.5 


DELPHI 


113.3 


114.3 


L3 


112.4 


112.0 


OPAL 


112.7 


112.8 


LEP 


115.3 


114.4 



reconstructed Higgs mass after a set of selections is shown on the left plot of 
fig. 2. 

The confidence level CLg which is a measure of the compatibility of the 
observation with the signal hypothesis, is shown on the right plot of fig 2 and is 
used to set exclusion limits on the mass. A lower bound of 114.4 GeV/c^ at the 
95% CL is obtained while the median expected limit is 115.3 GeV/c^. A slight 
excess is observed, reflected in the difference between the observed and expected 
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exclusion limits and it could be interpreted as the production of the SM Higgs 
boson with a mass slightly above the observed limit. The preferred masses from 
the likelihood test are in the range between 115 and 118 GeV/c^ with the CL for 
the signal+background hypothesis of 15%, while for the background hypothesis 
it is of 9%. The excess is mostly concentrated in the data taken at y/s > 206 GeV 
and is mainly driven by the ALEPH data in the four-jet channel. 




Fig. 3. The 95% CL upper bound on as a function of the Higgs boson mass, where 
^ = {qhzz /gf/zz) is the HZZ coupling relative to the SM. The solid line represents 
the observed limit. The dark and light shaded bands around the median expected 
line correspond to 68% and 95% probability bands from background experiments. The 
horizontal line at 1, corresponds to the SM coupling. 



The totality of the LEP data are also used to set a 95% CL upper bound on 
the square of the HZZcoupling in non-standard models which assume universal 
scaling of the Higgs couplings to the Z and W bosons and for which the Higgs 
boson decay properties are those of the SM. Figure 3 shows the upper bound on 
the square of the ratio ^ = (gHZz/gfMz) coupling in such models to 

the SM coupling as a function of the Higgs boson mass. 



3 Two Higgs Doublet Models 

Two Higgs Doublet Models (2HDM) are the simplest viable extensions of the SM 
since they are consistent with the observation oi p = m‘^ lm‘^cos‘^0w 
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the absence of tree-level flavour changing neutral currents, if the Higgs- fermion 
couplings are appropriately chosen. 2HDM have two complex scalar field doublets 
(namely and ^ 2 ) and give rise to a spectrum of 5 physical Higgs bosons, two 
neutral CP-even scalars and (with ttih^ > m/^o), the CP-odd and the 
charged Higgs pair H^. The phenomenology of the Higgs sector is determined 
by 6 free parameters, the 4 masses of the Higgs bosons, the ratio of the vacuum 
expectation values of the Higgs doublets tanP = V 2 jv\ and the mixing angle ol 
between and . In the energy range accessible to LEP, three main processes 
for the Higgs production exist at Born level namely the Higgs-strahlung, the 
associated production and the Yukawa process, as shown in fig 4. The cross- 
sections of the first two processes are related at tree-level to the SM ones by 
the following relations: oc siin?{l3 — a)af/^ <JhA oc cos^{P — oi)cr^ • The 

first process dominates for small values of tanjS and the second one for large 
values of tanjS. The Yukawa process (usually suppressed), can become dominant 
if sin^{l3 — a) becomes small and the associated production is kinematically 
forbidden {rriA + > \/5)- 



e 



e 




Z 



h 





Fig. 4. The three Born level Higgs production processes in a 2HDM at LEP. From 
left to right: The Higgs-strahlung process, the associated production and the Yukawa 
process. 



2HDM are classified according to the types of couplings. Two classes are 
mostly explored at LEP: type I in which both quarks and leptons couple only 
to the second Higgs doublet and type II in which the first doublet couples to 
down- type fermions and the second doublet ^2 couples to up- type fermions. The 
Minimal Supersymmetric Standard Model (MSSM) is one example of a 2HDM 
of type II, while a “fermiophobic” model is an example of a 2HDM of type I. 
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3.1 Minimal Supersymmetric Standard Model Searches 

One example of a 2HDM of type II, highly explored at LEP, is the MSSM. In this 
model, the Higgs boson masses are related to each other so that only two free 
parameters are left at tree level, as for example tan(5 and one Higgs boson mass 
or the two masses rrih and Radiative corrections modify the relationships 
between the different masses and introduce five additional parameters: rritop^ the 
mass of the top quark, /u, the Higgs mixing parameter, the common 

sfermion mass term at the EW scale, M 2 , the common SU(2) gaugino mass 
term at the EW scale and A, the common squark tri-linear coupling at the 
EW scale. The interpretation of the experimental results depend strongly on 
the choice of these parameters. The branching ratios of the Higgs bosons to 
the fermions depend both on the masses and on the values of a and /?, while 
the production cross-sections are closely related to the SM ones as explained 
in section 3. For this type of searches, the two complementary in parameter 
space processes, the e+e~— used in the SM studies and the e+e”— are 
combined. In such model the decays of h and A into a pair of b quarks or r 
leptons are dominant therefore the combined searches are mostly sensitive to 
these final states, although the signal estimations for some of the searches also 
include the decays of h — >cc, ^^,W“^W”, AA. 



Fig. 5. MSSM searches; The excluded (diagonally) and theoretically inaccessible 
(cross-hatched) regions as functions of the parameters in the “no mixing” bench- 
mark scenario. Left plot: Results in the {mh^tan/3) plane. Right plot: Results in the 
{m A, tan/3) plane. The dashed lines indicate the boundaries of the regions expected to 
be excluded at the 95% CL if only SM background processes are present. 
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MSSM Higgs searches have been performed by all four LEP collaborations 
within three benchmark scenarios. In the first so called “no- mixing” scenario, 
it is assumed that no mixing between the left and the right-handed stop quark 
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exists and the following parameters are chosen: Msusv=^ TeV/c^, M 2 = 200 
GeV/c^, /X =-200 GeV/c^ Xt={A-/j.cot(3)=0 and mtop=175 GeV/c^. 

The second so-called “m/j-max” scenario, with all parameters but = 2 
Msusy identical to the first one, is designed to yield the maximum value of rrih 
in the model. Therefore this scenario corresponds to the most conservative values 
of tan/3 for fixed values of mtop and Msusy • Figures 5 and 6 show the excluded 
regions in the {mh^tanp) and (niA^tanp) planes for the two benchmark scena- 
rios. The no-mixing scenario is almost completely excluded. ^ In the m/^-max 
scenario some excess of events is observed in single channels or experiments in 
the region of (mh^mA)^ (83,83) GeV/c^, (93,93) GeV/c^, at ruh ~97 GeV/c^ 
and finally at ruh ~115 GeV/c^ which reflects the excess seen in the SM se- 
arch. These excesses have a significance very close to 2 standard deviations and 
in the case of the ruh^rnA close to the mass diagonal can be excluded by the 
combination of channels and experiments. 



CQ. 

c 
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Fig. 6. MSSM searches; The excluded (diagonally) and theoretically inaccessible 
(cross-hatched) regions as functions of the parameters in the “m^-max” bench- 
mark scenario. Left plot: Results in the {rnh.tan/S) plane. Right plot: Results in the 
{mA,t(^np) plane. The dashed lines indicate the boundaries of the regions expected to 
be excluded at the 95% CL if only SM background processes are present. 
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The 95% CL lower bound on the nih.rnA masses as well as the limits on 
tanf3 for the two scenarios are given in table 3. It is worth noticing however that 
contrary to the limits on the Higgs boson masses, the limits on tanjS depend 
strongly on the underlying parameters of each scenario. Therefore they cannot 
be considered as absolute bounds in the tan[3 parameter. 



Further constraints in the low tanf3 region can be imposed by the charged Higgs 
searches. 



1 
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Further details on the combination and of the results of each individual expe- 
riment as well as the model interpretations can be found in [4] and the references 
inside it. 



Table 3. Limits on rrih and rriA in the two benchmark scenarios of the MSSM Higgs se- 
arches. The median expected limits in an ensemble of SM background-only experiments 
are listed in parentheses. 



Scenario 


m^o limit 
(GeV/c^ ) 
obs (exp) 


m^o limit 
(GeV/c^ ) 
obs (exp) 


Excluded tanP 

observed limit (expected limit ) 


m^o max 


91.0 (94.6) 


91.9 (95.0) 


0.5< tan(3 <2.4 (0.5< tanP <2. 6) 


No mixing 


91.5 (95.0) 


92.2 (95.3) 


0.7< tan/3 <10.5 (0.8< tan/3 <16) 



3.2 Flavour Independent Higgs Search 

There exist several extensions of the SM, in which the Higgs bosons have suppres- 
sed coupling into b-quarks (as for example for specific parameters of a 2HDM or 
some composite models). In this scenario, the SM Higgs searches have a reduced 
sensitivity due to their strong reliance in the b-quark identification. Therefore de- 
dicated searches are needed, in which the information from all the flavours of the 
quarks in the Higgs boson decay is exploited. All four LEP collaborations have 
pursued such searches in the last years of running, looking for the e~^e~ -^Z*-^hZ 
production mechanism in the four jet (qqqq)^ missing energy {qqi'i') and leptonic 
(qql^l~) flnal states. The analyses are based on the corresponding SM ones, but 
removing the b-tagging requirement and using test-mass dependent selections. 
The results are given in terms of upper limits on the corresponding cross-section 
as a function of the Higgs boson mass and of a lower mass limit assuming a pro- 
duction cross-section equal to those in the SM and a Higgs boson decaying 100% 
into hadrons. A range of 60-115 GeV/c^ on Higgs boson masses was tested. The 
combined [5] observed and median expected limits are 112.9 and 113 GeV/c^, 
respectively. The maximal sensitivity for such a discovery is reached for a Higgs 
boson mass of 107 GeV/c^. 

Profiting from the flavor independent studies, a third scenario in the MSSM 
Higgs searches, the so called “large /i” scenario, with the h kinematically acces- 
sible at LEP but with vanishing branching fraction to 56, has been explored. The 
combination of analyses in the e“^e“->hZ, e^e~-^hA channels with the flavour 
independent searches exclude completely this scenario. 

3.3 Non Fermionic Higgs Searches 

In the SM, the decays of the Higgs bosons to a pair of photons is suppressed 
since it proceeds through one loop diagrams involving W or top quarks. However 
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in particular formulations of 2HDM or other models the Higgs coupling to the 
fermions can be small and the Higgs bosons decay preferentially to pairs of 
bosons. These are the so-called “fermiophobic” Higgs bosons. At LEP dedicated 
searches have been performed in the context of a “benchmark” fermiophobic 
model with SM production rates and decays but with all the fermionic channels 
closed. In this scenario the decay of the Higgs into a pair of photons dominates 
for masses up to 90 GeV/c^, while massive vector boson pairs (WW,ZZ) become 
important above 90 GeV/c^. 





Fig. 7. Non Fermionic Higgs searches; Left plot: Distribution of di-photon masses 
for the LEP experiments combined. The expected background from all SM sources is 
indicated by the lightly shaded histogram. The signal expected for a benchmark fermio- 
phobic Higgs boson of mass 100 GeV/c^ is indicated by the dark shaded histogram. 
Right plot: The 95 % CL upper limit on Br(h — >• 77 ) x (cre“^e~ — )• hZ) j a{SM) is 
shown as function of the Higgs boson mass. The median expected limits and the ±2cr 
CL region are denoted by the dashed curves. The combined observed limit is indicated 
by the vertical line. The dotted line corresponds to the branching fraction obtained in 
the benchmark fermiophobic model. 



All LEP collaborations [ 6 ] have searched for hadronic leptonic and mis- 
sing energy decay modes of the associated Z boson in the production channel 
e^e~^hZ with the subsequent h 77 decays. On the left plot of fig 7 the 
di-photon mass for all candidate events is shown. The selected events are used 
to set an upper limit on the di-photon branching ratio of particles produced in 
association with a Z as shown in the right plot of fig 7. Gombining the results 
of these analyses a lower limit on Higgs boson mass of 109.7 GeV/c^ with an 
expected median of 109.4 GeV/c^ is obtained. 

DELPHI and L3 have also used their photonic Higgs searches to provide 
limits on anomalous couplings on h ^ 77 , h 7 Z and h ->ZZ. 

L3 [7] has extended the search for a fermiophobic Higgs boson by looking at 
the h — )*WW,ZZ decay modes. In such a way model- independent fermiophobic 
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results can be obtained while scanning the relative branching fractions of — > 77 , 
h ^WW, h -^ZZ. 

3.4 Invisible Higgs Searches 

Neutral Higgs bosons decays into stable and non interacting particles are pre- 
dicted by various extensions of the SM. Such invisible final states can occur 
either in the MSSM in which the Higgs boson decays into a pair of neutralinos 
{H or in Majoron models in which the Higgs boson decays into a pair 

of Majorons J {H 

The four LEP collaborations performed searches for acoplanar jets in the 
(/i ^invisible) (Z-> gg) final state, or leptons in the (/i -^invisible) (Z^ /+/“) 
one. 




miLvi (GeVft^l 

Fig. 8. Invisible Higgs searches; Left plot: The 95% CL upper limit on the pro- 
duction rate normalised to that in the SM, is shown together with the expected range 
assuming there is no signal. (Combined plot for all LEP experiments). Right plot: The 
exclusion area (in grey) as a function of the branching ratio into invisible decays Br^nv 
assuming (l-Br^nv) branching ratio for the visible decay modes. 



When combining the results of the four experiments [ 8 ] , the observed and ex- 
pected lower limits on the mass of the Higgs boson are 114.4 and 113.5 GeV/c^ 
respectively. The production cross-section of such a decay, is expressed in terms 
of the SM for the hZ process modified by a model-dependent reduction factor 
. Fig 8 shows the combined upper limit on as a function of the Higgs boson 
mass. Moreover, by combining the visible (e+e“— )^H( visible) Z (any thing)) and 
invisible (e+e~— >H (invisible) Z (anything)) searches, one can set limits indepen- 
dently of the branching fraction of the Higgs boson to invisible products. This 
limit is shown on the right plot of fig 8 for the updated results of the DELPHI 
collaboration [9] . 

3.5 Light Higgs Yukawa Production 

Within the framework of a 2 HDM, searches for a light Higgs boson have been per- 
formed by OPAL [10] and DELPHI [11] in the e'^ e~ ^Z^hhh j A — > hhr^T~ ^hhhb^ 
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T~^r~T~^r~ final states. The results are expressed in the or c^), {rrih or m^)) 
plane, where or c^) is the normalized cross-section to the SM one, for the 
Yukawa process times the branching fraction to the final state under study. In 
fig 9 the upper limit on ^ of the bbhj A couplings is shown as a function of the rriA 
for the bbr^T~ final state derived by the OPAL analysis. In the same figure, the 
limit on C^r^h^rr) l^he final state is also shown for the DELPHI 

analysis. 





Fig. 9. Light Higgs Yukawa production; Left plot: Excluded values of at 95% C.L 
in the 2HDM model for the Yukawa process assuming a 100% branching fraction of 
the Higgs to The expected (diamonds) and observed (stars) are calculated at 

specific mass points and interpolated linearly. Right plot: Upper limits on 
for the Yukawa process in the four tau final state. The dashed (full) line shows the 
expected (observed) results respectively. 



3.6 General 2HDM Limits 



As already mentioned in section 3, both the production cross-sections and the 
branching ratios in a 2HDM model depend on the set of model parameters. The 
production cross-sections depend on the coefficients sin?{l3 — a) and cos^{[3 — a) 
whereas the branching ratios to the various final states depend on a and j3. 
OPAL collaboration has performed a detailed scan [12] over a large range on the 
four relevant parameters of the model (m/i, m^, tan/5, a). All available neutral 
Higgs searches performed at centre-of-mass energies between 189 and 209 GeV 
have been combined with data collected at the Z peak. The most general exclu- 
sion region obtained by this scan is shown in fig 10. The DELPHI collaboration 
has also produced limits [11] in the (m/^, ttia) plane on c^ as defined in the pre- 
vious section, assuming 100% decays into the following final states: h^A^-^bbbb, 
A^ A^ A^ A^ ^bbbbbb^hPZ^ ^ A^ A^TP ^bbbbqq. As an example, the exclusion 
contour for the h^A^-^bbbb final state is shown in fig 10. 
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Fig. 10. General HDM limits; Left plot: Observed (solid line) and expected (dashed 
line) excluded {rriA^h) regions independent of a. Different tanP intervals have been 
considered. The cross-hatched region is excluded using Fz constraints only. Right Plot: 
Excluded (? contours in the (rriA^h) plane assuming that 100% decays of h^ and 
decay into bb. 



3.7 Searches for Charged Higgs Bosons 
Fermionic Decays: 

Searches for the pair production of charged Higgs bosons at LEP are placed 
in the framework of a general 2 Higgs Doublet Model (2HDM) with the mass 
of the charged Higgs bosons as the only free parameter. It is assumed however 
that the H=^ decays to cs and to saturate the width of the Higgs bo- 

son, with no further constraint on the decay branching fractions. The H=^ pair 
production leads to three final states (the purely hadronic cssc, the purely lep- 
tonic and the mixed one csr~i?r) which are treated separately by 

each experiment. The purely hadronic channel is characterised by jets with high 
multiplicity, the mixed channel by a pair of hadronic jets plus a narrow jet co- 
ming from the tau decay accompanied by missing energy due to the undetected 
neutrinos, whereas the experimental signature of the purely leptonic channel is 
two narrow acoplanar jets plus missing energy. The most important background 
for the three channels is the W pair production. 

The combination of the results of individual experiments exclude a H^ boson 
up to 78.6 GeV/c^ independently of its leptonic decay branching ratio, while the 
expected limit is 78.8 GeV/c^ [13], as shown on the left plot of fig 11. The 95% 
CL upper bound on the cross-section with the (ibl(j,±2cr) bands for the purely 
hadronic topology is shown on the right plot of fig 11. There is a small range 
around m/y±?^67 GeV/c^ in which the observed upper limit on the cross-section 
is reaching the 2a band around the expected median, mainly due to an excess of 
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Fig. 11. Charged Higgs searches; Left plot: The 95% CL bounds on m^± as a function 
of the branching ratio Br(H^ combining the data collected by the four LEP 

experiments at centre-of-mass energies from 189 up to 202 GeV. The observed limit is 
indicated by the thickest full line and the expected one by thinner one. Right plot:The 
95% CL bound on the production cross-section as a function of m^±for a branching 
ratio Br(H^ r'^z/r)=0. The expected exclusion limits are indicated by the dashed 
line and the shaded bands (1 and 2cr), the observed limit by the solid line. The dotted 
line represents the 2HDM charged Higgs cross-section at 206 GeV. 



candidate events in the L3 experiment. This effect, is not observed in the other 
three experiments. 

Bosonic Decays: 

In 2HDM of type I, the bosonic decay of a charged Higgs boson — > 

WA) becomes important for values of tanjS > 1, if kinematically allowed. 
OPAL [14] and DELPHI [15] have searched for these decays in the following 
final states : H+H--^W*AW*A^^g66gg65, H+H-->W*AW*A->/i/56g^56 and 
H+H“-> ruW* A-^ri/qqbb, thus assuming that A decays to bb predominantly, 
so tua >12 GeV/c^. The first two final states become important for very large 
values of tanp > 100, while the third one is important for tan(3 < 10. In order 
to constrain the 2HDM type I, the searches for the bosonic decays of charged 
Higgs are combined with the fermionic ones described in the previous section. 
Results were expressed by both experiments as excluded regions in either the 
plane or the {mH^tanp) plane. The results of the two experiments 
may be combined in the future to increase the sensitivity on these channels. 
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4 Model Independent Search for New Scalars 

The OPAL collaboration [16] has performed topological searches for new neutral 
scalar bosons denoted as with a limited number of hypotheses. The new 
bosons are assumed to be produced in association with a Z boson via the 
Bjorken process These searches are based on studies of the recoil 

mass spectrum of Z->e“^e“ and ii~~ events and on a search for with 
Tj^vv and ~^e^e~ or photons. They are sensitive to all decays of into 
an arbitrary combination of hadrons, leptons, photons, invisible particles and to 
the case of a long-lived leaving the detector without interacting. The analyses 
used the full LEPl data set at centre-of-mass energy of 91.2 GeV and the LEP2 
data collected at centre-of-mass energies in the range of 183-209 GeV. 




(GeV) 







Fig. 12. Model Independent searches for scalars; Left plot: The recoil mass spectrum 
for the decays Z — )• with the data at y/s =183-209 GeV. OPAL data are indicated 

by dots and standard background processes by the light and medium grey histograms. 
The dashed curve corresponds to a signal with a mass of 70 GeV. Right plot: Exclusion 
limit for the scale factor k, on the production cross-section of a new scalar in the Higgs- 
strahlung process (solid line). The dot-dashed line represents the expected median for 
background-only experiments. The dark (light) shaded bands indicate the 68% (95%) 
probability intervals. For masses m^o < 1 GeV the limits are constant. The lowest 
signal mass tested is 10“"® GeV. 



The distribution of the recoil mass of Z^e“^e” events is shown on the left plot 
of fig 12. The results as shown on the right plot of fig 12, are presented in terms 
of limits on the scaling factor k which relates the S^Z production cross-section 
to the SM one, for the Higgs-strahlung process (Jsoz=i^ x — '^5°) 

assuming that k is independent of the centre-of-mass energy for any value of 
m^o. Upper limits in units of the SM Higgs-strahlung cross-section of <0.1 for 
1 KeV < m^o <19 GeV/c^ and n <1 for m^o <81 GeV/c^ are obtained. 




966 Rosy Nikolaidou 

5 Doubly Charged Higgs Bosons 

Doubly charged Higgs bosons appear in theories beyond the SM, as 

for example in some left-right symmetric models and can be relatively light 
(?^100 GeV/c^). At LEP energies they can be produced either in pairs or single 
production and decay to a pair of charged leptons, preferably to taus. Fur- 
thermore they may induce modifications on Bhabha scattering through their 
contribution in the t-channel exchange. 

Concerning the pair production of DELPHI and OPAL [17] have per- 

formed studies using the data collected at centre-of-mass energies between 189 
and 209 GeV. The DELPHI analysis is focused on 4r final states but takes into 
account the lifetime of the Higgs boson thus considering possible decays far from 
the interaction point. At the 95% CL, the lower limit for the mass of doubly 
charged Higgs boson has been set to 97.3 GeV /c^ by DELPHI independently 
of the lifetime of the H^^. From the OPAL analysis which includes all possible 
leptonic final states, a lower limit of 98.5 GeV/c^ has been obtained. 

Concerning the single H^^ production, OPAL has set an upper limit on the 
Yukawa coupling hee <0.071 for mjj±± < 160 GeV/c^. Furthermore, indirect 



OPAL 




Fig. 13. Doubly charged Higgs boson searches; Limits at the 95% on the Yukawa 
coupling hee- the shaded region for masses below 98.5 GeV /c^ is excluded by OPAL 
pair production searches. 
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constraints from Bhabha scattering have been derived for mjj±± < 2 TeV. Fig 13 
summarizes OPAL searches on doubly charged Higgs bosons. 



6 Conclusions 

Higgs boson searches at LEP covered a wide variety of models. Most of the 
results of the four experiments are combined in order to increase the sensitivity 
of the searches. These results will be used as guidelines for the future colliders 
(Tevatron, LHC, Linear Collider) 
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Abstract. The searches for R-parity violation at LEP are being finalized: the LEP 
Experiments have analyzed their total data sample at centre-of-mass energies up to 
■s/s = 208 GeV, with an integrated luminosity of 700 pb“^per experiment. We dis- 
cuss the pair-production of supersymmetric particles via A, or X" couplings and the 
sneutrino single production. No evidence of signal is found and limits are set on the 
production cross sections, on the MSSM parameters and on the masses of the super- 
symmetric particles. When available, results on LEP-wide combinations are presented. 



1 Introduction and Motivations 

R-parity is a multiplicative symmetry defined as: R = (_i)3B-hl+ 2S ^ ^tiere S 
is the spin, B is the baryonic quantum number and L the leptonic quantum 
number. R is +1 for all ordinary particles, and —1 for their supersymmetric 
partners. If R-parity is conserved, supersymmetric particles can be produced only 
in pairs and they decay in cascade to the lightest supersymmetric particle (LSP), 
which is stable. R-parity violating terms can be present [1] in the most general 
superpotential of the Minimal Supersymmetric Standard Model (MSSM) [2], 
which describes a supersymmetric, renormalizable and gauge invariant theory, 
with minimal particle content. They are: 

XijkLiLjEk + A'^-;.L^QjDfc -h A'^^U^D^Dfe (1) 

where Xijk, X'ijk Kjk Yukawa couplings and i, j and k the generation 

indices; Li and Qi are the left-handed lepton- and quark-doublet superfields, E^, 
and are the right-handed singlet superfields for charged leptons, down- 
and up-type quarks, respectively. In order to prevent the simultaneous presence 
of identical fermionic fields, antisymmetry relations are required for Xijk and 
X'-'jj^, reducing to 9 + 27 + 9 the total number of independent Yukawa couplings. 
The LiLjEk and LiQjDk terms violate the leptonic quantum number L, while 
the \JiDjE>k terms violate the baryonic quantum number B. Their simultaneous 
presence would lead to a fast proton decay (with contributions at the tree level 
from X[^k^iik^ one-loop level from any product XijkXi^^ or XLj^X'/^^) [3], 

which is experimentally excluded. This can be avoided by requiring R-parity 
conservation, which forbids all terms in Equation 1. However, since the absence 
of either the B-violating or the L-violating terms is enough to prevent a fast 
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proton decay, there is no need to impose a priori R-parity conservation. As 
a consequence, two new kinds of processes are allowed: single production of 
supersymmetric particles, or LSP decays into Standard Model particles via scalar 
lepton or quark exchange. In the latter case, the MSSM production mechanisms 
are unaltered by the operators in Equation 1. 

The LEP experiments have searched for pair-produced neutralinos (e+e“ ^ 
XmXn, with m = 1, 2 and n = 1, .., 4), charginos (e“*"e~ ^ Xi^Xi ), scalar leptons 
(e"^e“ ^ e+e“ — i>i>) and scalar quarks (e“^e“ ^ qq), with subsequent R- 

parity violating decays, assuming that only one of the coupling constants Xijk, 
or A'' is non-negligible. Only £r (supersymmetric partners of the right- 
handed charged leptons) are considered, since they are expected to be lighter 
than the corresponding left-handed ones. Supersymmetric particles can decay 
directly into two or three fermions according to the dominant interaction term, 
as detailed in Table 1. Indirect decays via the LSP can occur as well, as shown 
in Figure 1. In the present analysis, the dominant coupling is assumed to be 
greater than 10“^ [4], corresponding to decay lengths less than 1 cm. 

Pair-production of supersymmetric particles will be discussed in Sections 2 
and 3. Single sneutrino production will be addressed in Section 4. 



V 

1 

decays via A coupling. 



< 




Fig. 1. Examples of scalar neutrino direct and indirect 



2 Pair Production of Supersymmetric Particles 

2.1 Data Sample 

The results presented here are based on the data collected by the LEP expe- 
riments at ^/s = 161 — 208 GeV, corresponding to an integrated luminosity of 
about 700 pb~^per experiment. Detailed information can be found in [5] and [6]. 
Typical luminosity values at the different center-of-mass energies are summari- 
zed in Table 2. Thanks to this luminosity, a sensitivity per experiment to signal 
cross section in the range of 0.02-0.05 pb can be reached with selection efficiencies 
around 30%. 

Some signal cross sections and the main background ones are summarized in 
Tables 3. A very ^ood background rejection has to be reached in this analysis: 
for instance the XiXi production cross section is around 20 fb in the region of 
the mass limit (M~o = 40 GeV), for tan/? = 1 and mg = 500 GeV, while one 
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Table 1. Possible R-parity violating decays (charged conjugate states are implied). 
Only supersymmetric partners of the right-handed sleptons are taken into account. 
Decays to more than three fermions are not listed. W* indicates virtual W bosons. 



Particle 




Direct decays 




Indirect decays 




X.ijk 


^ijk 


'^ijk 


via Xi 


X? 


i-ujet, vdp- 




Uidjfdfc 


- 


xt 




UiUjdk, 


djd^dfc, UjUjfdfc, 
UidjUk 


w*x? 


^kR 




- 


- 








djdfc, — 


- 


i^iXi, i^jXi 


UiK 


- 


- 


djdk 


UiXi 


dji?, dkR 


- 


Uidj, e~Uj 


Uidk, Uidj 


djXi, dfcXi 



Table 2. Integrated luminosity (in pb collected per year and per LEP Experiment. 
The center-of-mass energy ^/s (in GeV) is indicated as well. 



Year 


y/s (GeV) 


C (pb ^) / Exp. 


1996 


161-172 


20 


1997 


183 


55 


1998 


189 


175 


1999 


192-202 


235 


2000 


200-208 


215 



of its main background processes, two-photon annihilation, has a cross section 
of about 20 nb, i.e. a factor 10® bigger. 



2.2 Signal Topologies and Event Selections 

R-parity violating decays of supersymmetric particles are summarized in Table 1 
and give rise to many different final states, depending on the dominant A, A' or 
A" couplings and on the ijk indices. Both direct R-parity violating decays to 
Standard Model particles, and indirect decays to the LSP, followed by R-parity 
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Table 3. Left: cross section values of some signal processes, for typical choices of the 
MSSM parameters. The quoted MSSM parameter values indicate the values at which 
the overall mass limits are reached (see Section 3.1). Right: Standard Model cross 
section values of the main background processes. 



Process 

(MSSM) 


a (pb) 
at tan/? = 1 


mo (GeV) 


Process 

(SM) 


a 


XiXi 


1 


mo = 50 


e"^e~ff 


20 nb 


(M-o = 40 GeV) 


0.02 


mo = 500 


qq 


80 pb 


xtxl 


0.15 


mo = 50 


w+w~ 


20 pb 


(M-± = 103 GeV) 

Xi 


0.25 


mo = 500 




7 pb 


PhPr 


0.1 


mo = 50 


Weiy 


3 pb 


{Ma^ = 95 GeV) 






ZZ 


1 pb 



violating LSP decays, are considered in these analyses. Decays mediated by A, 
A' or A'' couplings provide mainly event topologies with leptons, leptons and jets 
or jets, respectively, as shown in Table 4. Dedicated selections are performed as 
discussed in [5]. 

2.3 Model Independent Results 

No significant excess of events is observed. Therefore the experiments have set 
upper limits at the 95% C.L. on the neutralino, chargino, scalar lepton and 
scalar quark pair-production cross sections assuming direct or indirect R-parity 
violating decays. For example, XiXi cross section upper limits range from 20 
to 180 fb, depending on the neutralino mass value and on the Yukawa coupling 
considered. The 95% C.L. upper limits on the xtXi cross section are between 
80 and 150 fb depending on the couplings and mass values. Detailed discussions 
can be found in [5, 6], 

3 Limits in the MSSM Framework 

In the MSSM, masses, couplings and cross sections of the supersymmetric par- 
ticles depend on the gaugino mass parameter, M 2 , the higgsino mass mixing pa- 
rameter, yu, the ratio of the vacuum expectation values of the two Higgs doublets, 
tan/^, and the common mass of the scalar particles at the GUT scale, mo. The 
experiments have either performed a scan on the MSSM parameters listed above, 
or they have calculated mass limits for typical parameter values. The scan has 
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Fig. 2. MSSM mass limits from combined analyses for (a) Xi, (b) X 2 and (c) as a 
function of tan p, for 0 < M 2 < 1000 GeV and —500 GeV < n < 500 GeV. mo = 500 
GeV in (a) and (b) and mo = 0 in (c). For those values of mo the global minima on the 
mass limit are obtained. Constraints on tan P from Higgs searches are conservatively 
not taken into account. 



been performed in the ranges: 0 < M 2 < 1000 GeV, —500 GeV < p < 500 GeV, 
0 < mo < 500 GeV and 0.7 < tan/? < 40. Limits on pair-production of different 
supersymmetric particles are discussed in the following subsections. 



3.1 Neutralinos and Charginos: Overall Mass Limits 

A point in the MSSM parameter space is excluded at 95% C.L. if the total 
number of expected events is greater than the combined upper limit at 95% C.L. 
on the number of signal events. Neutralino, chargino, scalar lepton and scalar 
quark analyses are combined since several processes can occur at a given point. 
Gaugino and scalar mass unification at the GUT scale is assumed. Constraints 
from the lineshape measurements at the Z pole are also taken into account by 
some experiments. The overall lower limits at 95% C.L. on the neutralino and 
chargino masses are summarized in Table 5. Figure 2 shows the 95% C.L. lower 
limits on neutralino and scalar lepton masses as a function of tan p. The Xi and 
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Table 4. Main event topologies selected by the A, A' or A" analyses and typical effi- 
ciency ranges (in %) for each selection. 



Coupling 


Topologies 


Eff. (%) 


A 


2i + f: 


10-40 




u + f: 


20-50 




leptons + jets 


20-70 


A' 


4 jets 


15-65 




4 jets 


20-60 




jets -h leptons-h-P 


30-50 


A" 


multijets + f, 


30-50 




multijets -h leptons 


15-55 




multijets (up to 10 q) 


25-50 



Table 5. Ranges (in GeV) of the 95% C.L. lower limits on the supersymmetric particle 
masses obtained from internal analysis combination by the LEP experiments ALEPH 
(A), DELPHI(D) and L3 (L). For details see [5, 6]. 



Mass (GeV) 


Xijk 


Xijk 


X" 

^ijk 


Exp. 




40 




38-40 


ADL 




84 




80 


L 




103 


103 


103 


ADL 



X 2 mass limits are shown for mo = 500 GeV and the £r ones for mg = 0. These 
values of mo correspond to the absolute minima from the complete scan on M 2 , 
/i, mo and tan f3. 



3.2 Scalar Leptons 

For slepton and squark pair-production, mass limits are derived by direct com- 
parison of the 95% C.L. cross section upper limits with the scalar particle pair- 
production cross sections, which depend on the scalar particle mass. In the case 
of scalar lepton indirect decays with a dominant Xijk coupling, a combined ana- 
lysis of the full LEP data sample was performed [7] , to check whether a possible 
small excess in the individual experiments could give rise to a significant effect 
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preliminary 
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Fig. 3. 95% C.L. cross section upper limits for scalar electron (top) and scalar electron 
neutrino (bottom) pair-production. The limits are shown in the plane of the scalar 
electron or scalar neutrino mass, as a function of the neutralino mass M-o , for tan (3 = 
1.5. and fi = —200 GeV, assuming a branching ratio of 100% for indirect decays 
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Continues the caption for Fig. 3: {£ £Xi or — > i/Xi). The excluded cross section 
is (T < 0.02 pb for masses of the charged scalar leptons below 103 GeV. This limit holds 
also for scalar muons and taus, not shown in this picture. For scalar neutrinos, the 
excluded cross section is cr < 0.05 pb for masses of the neutral scalar leptons below 
103 GeVand neutralino masses greater than 40 GeV. This limit holds also for scalar 
muon and tau neutrinos, not shown here. The condition M^o >10 GeV is required for 
prompt decays in the detector. In the region labelled “theoretically inaccessible” the 
neutralino is mainly gaugino-like because of the negative value of fi. This translates into 
a minimum possible value for the MSSM parameter mi /2 and thus for the sneutrino 
mass. For further details see [7] 



after the combination. The data correspond to a global integrated luminosity 
of about 2.7 fb“^, which gives sensitivity to signal production cross sections of 
0.01-003 pb, with selection efficiencies around 30%. For scalar quarks, no LEP 
combination is available yet, thus scalar quark mass limits are not discussed 
here. Limits from individual experiments can be found in [5, 6]. 

No significant excess of data events is observed in the combined data sample. 
As an example. Figure 3 shows the 95% C.L. cross section upper limits for scalar 
electron and scalar electron neutrino pair-production. The results are presented 
for tan yd = 1.5 and /i = —200 GeV^ assuming a branching ratio of 100% for 
indirect decays {i iXi or yXi). The excluded cross section is cr < 0.02 
pb for masses of the charged scalar leptons below 103 GeV, for any value of the 
neutralino mass. For scalar neutrinos the excluded cross section is cr < 0.05 pb 
for masses of the neutral scalar leptons below 103 GeV, if the neutralino mass 
is greater than 40 GeV. The condition M^o >10 GeV is required in order to 
assure prompt decays in the detector. Examples of scalar lepton mass limits in 
the MSSM framework are shown in Figure 4. The 95% C.L. lower limits on scalar 
lepton masses set by the LEP experiments are quoted in Table 6. 



Table 6. Lower limits at 95% C.L. on the scalar lepton masses, obtained by the 
LEP experiments ALEPH, DELPHI, L3 and OPAL for Xijk indirect decays. Obtained 
limits are calculated with a modified Likelihood Ratio method and expected ones with 
a Beyesian method. More details about the LEP combination in [7]. 



Mass Limit (GeV) 


Men 




Mfji 


Mo, 




ADLO (obtained) 


96.6 


96.9 


95.3 


99.1 


83.0 


ADLO (expected) 


94.0 


94.0 


92.0 


99.1 


86.0 
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M~ (GeV/c^) 



Fig. 4. 95% C.L. lower limit on the masses of the scalar muon and scalar muon 

neutrino as a function of M-o. The condition M-o > 10 GeV is required for 

prompt decays in the detector. In tlie region labelled “theoretically inaccessible” the 
neutralino is mainly gaugino-like because of the negative value of (jl. This translates into 
a minimum possible value for the MSSM parameter mi /2 and thus for the sneutrino 
mass. The region labelled “ BR = 1” is excluded only if a branching ratio of 100% for 
indirect decays {i> i^Xi) is assumed. For details see [7]. 
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Fig. 5. Top: Single sneutrino production via Ai^i coupling. The neutralino decays 
afterwards via R-parity violation. Bottom: The solid line shows the 95% C.L. upper 
limits on the Aisi coupling as a function of the mass for single sneutrino production 
followed by indirect decays. For comparison the limit obtained for direct decays to e”'"e~ 
is also shown. 



4 Single Sneutrino Production 

The exchange of single scalar neutrinos can produce resonance peaks at LEP 
energies. The production of and can occur in e+e“ collisions via A121 or 
Ai3i couplings, respectively. Two kinds of processes are analyzed by the LEP 
experiments, both allowing to set upper limits on the coupling strength A as 
a function of the scalar neutrino mass. The best sensitivity is obtained when 
the sneutrino is produced on shell for = y/s. Precision electroweak fits are 
performed on the measurements of leptonic cross sections and asymmetries [8] . 
As a result, previously unexplored areas in the A121) and (M^^, A131) 
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Fig. 6. Production of single sneutrino via the e 7 — )► Djik process. The R-parity 
violating vertices are indicated. 




M(v) (GeV/c^) 



Fig. 7. Observed and expected upper limits, at 95% C.L., on the A231 coupling, as 
a function of the sneutrino mass. The exclusions from low energy bounds and from 
pair-production searches are indicated as well. 



planes are excluded. For A121 or A131 couplings a better sensitivity is obtained 
in the search for sneutrino decays to neutralino [ 9 ]: e~^e“ ^ which is 

plotted in Figure 5 , showing also the 95 % C.L. upper limit on the A131 coupling. 
Single sneutrino production has been searched for also in the process e 7 — 
which is shown in Figure 6. This process is interesting because allows 
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to access the couplings Ijk and 231, otherwise unaccessible in single sneutrino 
production in s-channel e“^e“ annihilation. This analysis is described in [10]. 
Final states with three-leptons are searched for. No excess of events is found, 
and Figure 7 shows, as an example, the upper limits on the A 231 coupling. 



5 Conclusions 

Searches for R-parity violation at LEP cover almost every allowed process in 
the MSSM and reach the same sensitivity as in the R-parity conserving case. 
Therefore, the supersymmetry limits obtained at LEP are independent of R- 
parity assumptions. New limits with about 2.7 fb~^are shown in this article. 
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Abstract. The article presents the MECO /j, to e conversion experiment, including 
design features, expected sensitivity and backgrounds, and current status. MECO goals 
are presented in the context of existing limits on, and theoretical motivations for, high 
sensitivity searches for lepton flavor violation in the charged sector. Several recent and 
currently planned muon conversion experiments are also briefly discussed. 



1 Motivations for Sensitive LFV Searches 



Searches for flavor- violating processes among the charged leptons have been con- 
ducted since 1947 [1] with sensitivity improving by about two orders of magni- 
tude per decade [2]. In the case of muons effectively converting to electrons, e.g. 
fi~N e~N or /x+ -f 7 , no signal has been observed and current upper 

limits are at the level of 10“^^ to slightly below 10”^^ as shown in Table 1. Two 
new experiments, MECO [3] and MEG [4] are seeking to push the sensitivity 
frontier into the 10“^^ to 10“^^ range. These efforts are partly motivated by re- 
cent research in grand unified supersymmetric models [5, 6 ] demonstrating that 
LFV is expected in these models at a level that will be experimentally accessi- 
ble: 10 “^^ in the case of ji~ N N and 10 “^^ in the case of /x'*" + 7 . 

Essentially all extensions of the Standard Model naturally allow LFV, thus new 
searches with significantly greater sensitivity have a very strong discovery po- 
tential or will serve to tightly constrain many of these proposed models. 

Recent neutrino oscillation results from Super-Kamiokande and SNO [7, 8 ] 
indicate that flavor is not conserved among the neutral leptons. Flavor oscillati- 
ons among charged leptons can therefore be expected to proceed via processes 
involving virtual neutrino exchange. The rate for this type of process is, however, 
proportional to and as such is many orders of magnitude below the 

experimentally accessible range. It follows that an observed signal in a search 
for lepton flavor violation (LFV) in the charged sector can only be the result of 
fundamentally new physics beyond the Standard Model. 

In the next sections we briefly review the experiments holding the best limits 
on the e“^ -f 7 and ii~N e~N processes and discuss how the next round 

of searches for each channel will attempt to improve upon those numbers. 
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Table 1. Experimental limits on charged lepton flavor violation. References for most 
of the results can be found in [ 2 ]. References for the (jl^ e“*" + 7 and ii~ N e~ N 
results are given in the text. 



Process Limit 



Kl 




4.7 


X 


10" 


-12 


Kl 




3.2 


X 


10' 


-10 


K+ 




2.1 


X 


10“ 


-10 






1.0 


X 


10' 


-12 




— > e”^7 


1.2 


X 


10" 


-11 


N e N 


00 


X 


10' 


-13 



2 e“*" + 7 Experiments 

The experimental signature for this classic LEV channel is a two body final 
state in which the positron and the photon each carry half of the muon rest 
mass. Experiments searching for this mode must precisely reconstruct the mo- 
mentum vectors and time of production of both daughter particles at the muon 
decay vertex. The dominant background in such experiments results from ran- 
dom coincidences of 52.8 MeV positrons and photons from the copious quantities 
of each produced by the intense muon beam needed to reach high sensitivity. 
Another background stems from radiative muon decay in which 

the two neutrinos carry off very little energy. 

The current best limit on the ^ e+ + 7 process is held by the MEGA 
collaboration [9] working at LAMPF. MEGA used a positron spectrometer 
consisting of eight cylindrical MWPC within a 1.5 T solenoid surrounding the 
muon stopping target. Photon detectors consisting of lead sheets sandwiched 
with MWPC to detect conversion e+e“ were located at larger radius than the 
positron detectors within the magnet. Plastic scintillators provided timing in- 
formation on both positron and photon candidates. MEGA’s final limit was 
^ e“^ -h 7 ) < 1.2 X 10“^^ at 90% confidence level [9]. 

The MEG collaboration [4] seeks to improve upon the limits set by MEGA by 
two orders of magnitude. This will require a significant increase in the number of 
muon stops and much better detector resolution to control the accidental coin- 
cidence background. To improve the muon stopping rate without increasing the 
instantaneous single photon and positron rates, MEG plans to use a continuous 
beam ( 100 % duty factor) at slightly lower intensity than the relatively low duty 
cycle ( 6 %) MEGA beam. 

To improve the separation between background and signal, MEG’s positron 
and photon detectors will have better resolution than the systems used in MEGA. 
In particular, photons will be detected in a liquid Xe (LXe) scintillation counter, 
providing a fast signal, and therefore much better photon arrival time resolution. 
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and high light yield and correspondingly narrow energy resolution. Positrons will 
be identified in a spectrometer with the unique feature that the field is struc- 
tured to produce a a constant bending radius, independent of the positron’s 
emission angle from the stopping target, simplifying pattern recognition. Po- 
sitron timing information is provided via plastic scintillators as was the case for 
MEGA. 

MEG’s expected single event sensitivity is B(/n~^ e"*" -f 7 ) — 10“^^ [4] At 

present MEG has constructed prototypes of each detector system, including a 
test LXe counter, and they are aiming to begin data collection in 2005 or 2006. 



3 /ji N e N Experiments 

In many ways searches for direct fi~N — > e~N conversion are complementary 
to those seeking e“^ -f 7 . For processes that are not electromagnetically 

mediated, the rate of conversion can be larger than that for the radiative decay, 
while for photon mediated interactions in some classes of grand unified SUSY 
models [ 6 ] e"*" - 1 - 7 occurs at roughly 200 times the direct conversion rate. 

The figure of merit in direct conversion searches is the rate sensitivity (R/^e) 
relative to the kinematically similar rate of muon capture on the same nucleus 
given by 

R^e = e-N)/r(ii-N uN') 

Searches for direct conversion take advantage of the coherence of this decay 
process, where the muon interacts with the nucleus as a whole. This coherence 
dictates a two body final state and thus a conversion signature of a single electron 
with energy approximately equal to the muon mass. Coherence also enhances the 
conversion rate approximately in proportion to the Z of the nucleus up to about 
Z — 30, after which the rate saturates and then slowly decreases [10]. The single 
particle final state eliminates accidental coincidence backgrounds at high rates 
that limit the sensitivity of 11 ^ ^ e+ -f 7 searches. 

Background sources of 105 MeV electrons are heavily suppressed. The pri- 
mary background source, muon decay in nuclear orbit (DIO), has an endpoint 
energy of 105 MeV. The rate of DIO electrons, however, is a steep (fifth power) 
function of the energy below the endpoint, thus this background can be control- 
led by precise measurement of the energies of conversion electron candidates. 
Another potentially serious source of background events is radiative pion cap- 
ture in the stopping target followed by conversion of the radiated photon to an 
asymmetric e“^e“ pair such that the electron is in the signal energy range. To 
eliminate this possibility experiments must find a means to either remove pions 
from the muon beam or take advantage of the muon’s much longer lifetime in 
the stopping target by delaying the detection time window until after the pions 
have decayed away. 

The most sensitive searches for conversion on several different types of nuclei 
to date have been conducted by the SINDRUM II collaboration [11, 12] using a 
cylindrical spectrometer within a 1 . 2 T superconducting solenoid. A continuous 
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muon beam was stopped on targets of titanium, lead, or gold located in the 
center of the spectrometer. The SINDRUM II limits for each type of target are 
R/ie < 6.1 X 10“^^ on Ti [13], < 4.6 x 10“^^ on Pb [11], and < 3.3 x 10“^^ on 
Au [14]. 

Improving upon the SINDRUM II results will require a much greater muon 
stopping rate and a detector capable of handling the associated particle flux 
increases. The Muon to Electron Conversion, or MECO, collaboration aims to 
construct just such a system. The goal of the MECO experiment [3, 15, 16] is 
a rate sensitivity R^g of approximately 2 x 10“^^. To realize this four order of 
magnitude improvement in the state of the /x~iV — > e~iV art requires several 
changes with respect to the SINDRUM technique. The MECO apparatus is 
illustrated in Fig. 1. 

MECO’s improved sensitivity largely stems from a factor of 1000 increase in 
the intensity of the stopped muon beam. The driver of this new muon beam is the 
Alternating Gradient Synchrotron (AGS) at Brookhaven National Laboratory, 
which will provide 4 x 10^^ protons/sec at a relatively low (by AGS standards) 
energy of 8GeV. This total intensity is well below that already demonstrated 
by the AGS. However, the MECO beam must be pulsed to eliminate prompt 
backgrounds in which putative conversion electrons are detected in coincidence 
with the arrival of a beam particle. The AGS will be operated with two of its 
nominal six RF-buckets filled and the beam will remain bunched during slow 
extraction to produce the required time structure. The resulting pulse interval 




Muon production In 5T 
axially graded solenoid 



Fig. 1. The proposed MECO experiment at Brookhaven’s AGS. 
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a factor of two greater than that previously demonstrated in the AGS. That 
intensity is presently limited by space charge effects during accumulation and 
by losses as the beam energy moves through transition. For MECO operation 
only a single Booster transfer is required, reducing the nominal accumulation 
time from 800 ms to 133 ms significantly reducing the space charge effects. The 
required beam energy of 8 GeV is below transition in the AGS. As a result it 
is believed that the AGS can reach the required per bunch intensity without 
significant hardware modification. 

The pion, and thus the muon, yield per proton is further enhanced through 
the use of a high-Z (Au) pion production target. In contrast to the more powerful 
beams being discussed for the neutrino factories or a muon collider, the 50 kW 
AGS proton beam deposits only 5 kW in the gold target material. At this level 
the heat can easily be removed through the use of water-cooling with a thin 
containment jacket surrounding the target, absorbing a minimum of pions. 

The production target lies within a superconducting solenoid as shown in 
Fig. 1. The solenoid’s field is graded axially such that the field strength increa- 
ses along the path of the proton beam, opposite to the direction of the outgoing 
muon beam. Pions produced in the target with transverse momentum below 
~ 180MeV/c travel in helical trajectories within the clear bore of the solenoid 
and decay to muons. The field at the position of the production target is appro- 
ximately 4T. Invariance of the quantity pi_^ /B and energy conservation imply 
that pions originating at the target are reflected by the 5 T peak field of the ma- 
gnet if their production angle ^prod satisfies tan(^prod) > \/4/5 or ^prod > 42°. 
hence the solid angle acceptance for pion capture is ~ 90%. 




meters 



Fig. 2. An example of transport projected in the vertical plane showing the tracks 
of two negatively charged particles of different momenta passing from the production 
region (left) into the transport solenoid. The vertically offset central collimator aper- 
ture restricts passage to the stopping target foils (right) to muons within the optimal 
stopping momentum range. 
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Captured pions and muons are accelerated out of the production solenoid 
and into the ‘S’ shaped transport solenoid, consisting of a combination of so- 
lenoidal and toroidal sections. Transport in the toroidal bend sections exploits 
curvature drift to vertically deflect positive and negatively charged particles to 
an extent dependent upon the particle’s momentum. Collimators are placed at 
the entrance, mid-point, and exit of the transport solenoid to filter the muon 
beam. The aperture of the central collimator is vertically offset to preferentially 
select //“of the appropriate momentum range as illustrated in Fig. 2. The two 
bend sections also serve to sharply reduce the flux of neutral particles reaching 
the detection region by eliminating a line-of-sight path between the production 
target and the stopping target. Slowly propagating anti-protons, which are a 
potential source of background within the delayed detection time window (dis- 
cussed below) , are stopped in a thin window within the central collimator of the 
transport solenoid. 

The muon stopping target is a series of thin A1 foils situated in another axially 
graded solenoidal field. Again the effect is to capture all forward produced and a 
large fraction of backward produced conversion electrons in the magnetic bottle 
formed by the graded held. An additional feature of the graded field is that 
electrons with 105MeV/c total momentum that are produced upstream of the 
stopping target cannot have transverse momentum greater than 75MeV/c in 
the detector region, meaning that a simple p±_ cut will eliminate many potential 
sources of background. The overall efficiency of the production and transport 
systems is ~.0025 stopped //“ per incident proton. 

The MECO signal is a 105 MeV electron originating in the muon stopping 
target and detected within a time window beginning 650 ns after the arrival of 
a beam pulse and ending immediately before the arrival of the next pulse at 
1350 ns. Separating genuine conversion electrons from the steeply falling decay- 
in-orbit background requires precision measurement of each electron candidate’s 
energy in a detector that can operate in the presence of a large flux of unwanted 
particles. MECO’s conversion electron detectors are illustrated in Fig. 1. In con- 
trast to the approach used in SINDRUM II, the detectors are displaced several 
meters downstream of the stopping target to reduce the solid angle for neutrons 
and photons originating in the target. This separation also allows MECO to si- 
tuate the detectors in a region of uniform field beyond the axially graded region 
near the stopping target. The uniform field serves to minimize systematic errors 
in the offline track reconstruction analysis. 

The tracking detector shown consists of approximately three thousand 3 m 
long, 5 mm diameter straw tubes oriented along the axis of the solenoid. Axial 
hit information is provided by capacitively coupled cathode strips attached to 
the outer layers of straws on a 5 mm pitch. An octagonal detector with eight 
vanes extending radially outward yields good acceptance according to GEANT 
simulations. The straw walls are only 25 |Im thick to minimize the impact of 
multiple scattering in straw’s materials, which is the dominant contribution to 
the resolution of the tracking system. The chambers also require low mass gas 
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and high voltage distribution manifolds as this material is also in the fiducial 
volume. 

The electron calorimeter shown in the figure serves as the primary hardware 
trigger for the experiment. The calorimeter also provides a confirmation of the 
electron’s energy and trajectory by sampling its impact point in the crystals. 
This detector will consist of approximately 2000 scintillating crystals arranged 
in four planes of detectors. The chosen crystal material must provide sufficient 
light to yield a good measure of the electron’s energy and must decay away 
quickly enough to recover from the “flash” of electromagnetic energy associated 
with the beam plus to be active during the detection time window. The density 
of the crystals must also be maximized to reduce the loss of acceptance for 
electrons striking the ends of the vanes rather than the faces. Current tests 
indicate that actively cooled lead tungstate (PbW 04 )crystals with large area 
avalanche photodiode readout will meet MECO requirements. Not shown in 
Figure 1 is a cosmic ray shield consisting of a double layer of scintillation veto 
counters completely surrounding the detector solenoid, and extensive passive 
shielding. 

Extensive GEANT [17] simulations have been conducted to ascertain the 
performance of the proposed detectors, the overall acceptance of conversion el- 
ectrons, and the expected rates for numerous potential sources of background 
events. The simulation of the detector system [3] has determined the electron 
energy resolution as ~900 keV (FWHM) as shown in Fig. 3), the uncertainty 
coming largely from fluctuations in the energy lost in the target and from mul- 
tiple scattering in the material of the tracker’s straws. With that resolution, 
these studies predict that the contribution of DIO background in the region of 




Fig. 3. The simulated signal and primary background for the MECO experiment 
including detector effects. The FWHM of the signal curve is 900 keV. 
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candidate electron energies above 103.6 MeV will be one twentieth of the signal, 
if R^e = 10-^^ 

The other potentially serious background source, radiative pion capture and 
subsequent conversion of the photon to an asymmetric e+e" pair, is eliminated 
in MECO by the pulsed structure of the primary proton beam. This requires, 
however, that the rate of protons arriving between nominal beam pulses be 
< 10~^ of the rate during the pulses. To ensure that no out-of-time protons reach 
MECO, hardware to destabilize interbunch protons will be added to the AGS 
and an RE modulated magnet in the proton beam extraction line will deflect 
the primary beam onto the production target only at times corresponding to the 
arrival of fllled buckets. 

When DIO and all other sources are considered, the total background for 
= 10“^^ is 0.45 events, while the expected signal is 5 events. The multipli- 
cative contributions to the expected rate sensitivity are listed in Table 2. After 
all cuts have been applied, the expected number of background events from each 
source considered are listed in Table 3. 



Table 2. Contributions to MECO’s expected sensitivity for the case of R^e = 10 



Contributions 


Multiplicative Factor 


Running time (s) 


10^ 


Proton flux (Hz) 


4 X 10^^ 


/proton reaching stopping target 


4.3 X 10~^ 


stopping probability 


0.58 


fi~ capture probability in Ti 


0.60 


Fraction of capture within detection time window 


0.49 


Electron trigger efficiency 


0.90 


Track fitting and event selection efficiency 


0.19 



In conducting the analysis of the experimental data, MECO will make use of 
a blind analysis technique similar to that used by some MECO collaborators on 
a kaon experiment at the AGS [18]. The approach is to separate the data from 
the signal region (possibly 103.6 MeV < < 107.6 MeV as an example) from 

the remaining data and analyze only the non-signal data when flxing cuts to 
establish data quality requirements. This method allows for detailed studies of 
the background and means to remove it without directly affecting the apparent 
signal or strength of the limit the experiment can set, removing the temptation 
to tune the cuts to achieve a desired number. 

MECO is currently a collaboration of more than 30 physicists from 11 in- 
stitutions worldwide. MECO, as part of the NSF’s Rare Symmetry Violating 
Processes (RSVP) project, has been successfully reviewed at many levels. The 
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Table 3. Contributions to MECO’s expected background for the case of R;xe = 10 



Potential Background Source 


Expected Events 


decay in orbit 


0.25 


Track reconstruction errors 


< 0.006 


Radiative /x” decay 


< 0.005 


Beam e~ 


< 0.04 


IJL~ decay in flight (no scattering in stopping target) 


< 0.03 


/jl~ decay in flight (with scattering in stopping target) 


0.04 


7T~ decay in flight (with scattering in stopping target) 


< 0.001 


Late radiative tt” capture due to late protons 


0.07 


Late radiative capture of slow 7 t“ 


0.001 


Slow p induced 


0.007 


Cosmic ray induced 


0.004 



US National Science Board has recommended that Major Research Equipment 
and Facilities Construction (MREFC) funding for RSVP be included in the 
FY2002 or a later federal budget, although construction funds have not yet been 
appropriated by the US Congress. The NSF is currently providing substantial 
R&D support for RSVP to allow both experiments to develop their designs. In 
February of 2003, the NSF made clear their plan to commence construction of 
RSVP in FY2006 as part of their long term plan for MREFC projects. Under 
this plan, MECO will see its first beam in 2008 and begin production running 
in 2009. 

In the longer term, the recently approved J-PARC facility in Japan could 
be the site of the proposed PRIME experiment [19]. PRIME seeks to reach a 
sensitivity level of R^e — 10~^^. In this case, PRIME seeks only a modest factor 
of ten improvement in muon production rate over MECO plans. Where PRIME 
primarily seeks to improve is in the muon stopping probability by narrowing the 
muon beam energy spread to jlMeV as compared to 30MeV in MECO. This 
will be achieved using the PRISM (Phase Rotation Intense Slow Muon source) 
accelerator providing a sequence of ionization cooling and reacceleration steps 
in a fixed field alternating gradient (FFAG) storage ring positioned between the 
production and detector regions. In addition to greatly improving the capture 
probability, the narrow energy spread allows for thinner stopping targets with 
correspondingly less energy straggling. The use of the FFAG also eliminates 
prompt pion background due to the long effective decay length as well as beam 
electrons that will not transport in the matrix. 

A letter of intent for the PRIME experiment was submitted to J-PARC earlier 
this year. The timetable for the experiment and many details of its design remain 
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to be determined. In particular, detector rates may prove to be very challenging. 
Additional details on the PRIME experiment can be found in Yoshi Kuno’s 
proceedings elsewhere in this volume. 



4 Conclusions and Outlook 

There is a clear and compelling case for extending the current reach of current 
searches for flavor violating decays among the charged leptons. Numerous theo- 
ries suggest that an observable signal should be accessible two to three orders of 
magnitude below the level of existing limits. This region will be opened up by 
MECO and MEG in the coming years, providing either an unmistakable signal 
of new physics beyond the Standard Model, or severely constraining many of the 
currently favored possible extensions of that model. Equally clear is that now 
is the time to get involved in the excellent discovery opportunities that these 
experiments offer. 
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Recent D0 Results at Run II 
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Abstract. The D0 experiment is taking data with an upgraded detector since March 
2001. The integrated luminosity taken in Run II has now exceeded that taken in Run I. 
Selected physics results obtained with this data set are presented. 



1 Introduction 

The D0 experiment is designed to study high energy proton- antiproton interac- 
tions at Fermilab’s Tevatron collider in Batavia close to Chicago (USA). Protons 
(p) and anti-protons (p) collide at a centre-of-mass energy ^/s = 1.96 TeV. A 
wide variety of physics topics can be studied at the Tevatron. Measurement of 
top-quark properties, electroweak precision variables and B-hadron properties 
including CP- violation and mixing, as well as searches for the Higgs boson. Su- 
persymmetry (SUSY) and other phenomena beyond the Standard Model. 

The Run I data taking period lasted from 1992 to 1996 and produced many 
important results, among them the discovery of the top quark. Both the Teva- 
tron and the detectors have been upgraded significantly in the following years. 
Compared to Run I the Tevatron’s centre-of-mass energy has increased from 
1.8 TeV to 1.96 TeV. The integrated luminosity at the end of Run II is expected 
to be a factor 50 higher than the Run I integrated luminosity of about 125 pb~^. 

The D0 detector has also been upgraded significantly: Around the interac- 
tion region a new tracking system has been installed consisting of the Silicon 
Microvertex Tracker (SMT) and the Central Fibre Tracker (CFT). The CFT 
consists of eight axial layers of scintillating fibre aligned along the beam axis 
and eight layers of stereo fibres. The tracking detector is located within a 2 
Tesla Solenoid. Further improvements include new preshower detectors surroun- 
ding the solenoid, the Forward Muon Detector, the Forward Proton Detector, 
and improved front-end electronics, trigger and data acquisition. The Liquid Ar- 
gon Calorimeter, the Central Muon Detector and the muon toroid, which is used 
to provide a separate momentum measurement for the muons, are retained from 
Run I. 

In this report a first look at the Run II data taken since April 2001 is pre- 
sented. The Run II collected integrated luminosity is shown in Fig. 1. First a 
measurement of W and Z production is reported since it is both a fundamen- 
tal physics measurement and a benchmark for the performance of the detector. 
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Fig. 1. Run II integrated luminosity for the period April 2002 - September 2003. 



Due to the topic of this conference the remaining presentation concentrates on 
searches for new physics beyond the Standard Model (Large Extra Dimensions, 
Leptoquarks and SUSY) and on the search for the Higgs Boson. In cases where 
the results have been updated since the conference, the updated results are being 
shown. 



2 Production of W and Z Bosons 

The measurement of the production of W and Z bosons is a central part of the D0 
physics programme. The long-term goal is to perform precision measurements of 
electroweak variables like the W mass and width, to study gauge couplings and 
to constrain the parton densities of the proton. 

These processes are also important benchmarks for understanding the reso- 
lution and efficiency of the detector. The W and Z production cross-sections 
times branching ratios (BR) for the processes pp-^W + X-^^z/-hX and 
pp— > Z-|-X->-^^ + X are measured for electron and muon final states {£ = e, /i). 
In the final Run II data sample we expect to observe more than 10^ Z decays 
and more than 10^ W decays into electrons or muons. Since the theoretical 
cross-sections for W and Z production are calculable with high precision in the 
Standard Model, these events can also provide alternative measurements of the 
integrated luminosity with small experimental and theoretical errors. 
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The selection criteria for the ^ fi^ fji~~ events require two oppositely charged 
muons with a transverse momentum greater than 15 GeV within the pseudor- 
apidity region \r]\ < 1.8 where 77 = —In tan ^/2. The di-muon invariant mass 
must be greater than 30 GeV. Further cuts on the energy of tracks and 
calorimeter clusters in a halo around the muon direction are applied to ensure 
that the muons are isolated. The background contribution is estimated to be 
(0.6 d= 0.3)%. arising from bb production in QCD events and from cosmic rays 
and (0.5 zb 0.1)% due to Z — r+r” events. 

Events with W — > /iz/ decays are selected by requiring exactly one muon 
with a transverse momentum greater than 20 GeV. The muon must be isolated 
and additional cuts against muons from cosmic rays are applied. The missing 
transverse energy in the event, calculated from the calorimeter information and 
corrected for the muon transverse momentum, must exceed 20 GeV. About 17% 
of the selected events are expected to be background, mainly from Z ^ /i/x, 
W Tu and QCD events. 
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Fig. 2. Top: invariant di- lepton mass for Z — > ee and Z fxfi candidate event; bottom: 
transverse mass for W — > ez/ and W — >• //z/ candidate events. 



The identification of electrons in W ^ ez^ and Z -> ee events is based on 
requiring one or two electrons with a transverse momentum of more than 25 
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GeV in the central calorimeter (|t 7 | < 1.1). For the W ^ ez/ channel the missing 
transverse energy due to the neutrino must be larger than 25 GeV. 

Figure 2 shows the di-lepton invariant mass for the Z candidates and the 
transverse mass for the W candidates. The cross-sections are given Table 1. In 
Figure 3, the measured cross-sections are compared with the cross-sections mea- 
sured by the CDF collaboration and with the cross-sections measured at lower 
^/s. Within the uncertainties good agreement is observed with the evolution of 
the cross-section expected from a NLO calculation [1]. 



Table 1. Preliminary measurements of the cross-section times branching ratios for the 
different W and Z final states. The uncertainty due to the luminosity measurement is 
currently 10%. 



Process 


(tBR 


L 


pp — y Z -|- X — y jjjjjj “h X 


261.8 zb 5.0(stat) ± 8.9(sys) zb 26.2(lumi) pb 


117 pb"^ 


pp — y Z X — y ee -h X 


294 ± ll(stat) zb 8(sys) zb 29(lumi) pb 


41.6 pb“^ 


pp-^W-hX^)Lzz/-|-X 


3226 ± 128(stat) ± lOO(sys) ± 323(lumi) pb 


17.3 pb“^ 


pp-^W-l-X-^ez/-hX 


3054 ± lOO(stat) zb 86(sys) zb 305(lumi) pb 


41.6 pb~^ 



3 Searches for New Physics 

The D0 experiment has started to search for rare event topologies which are not 
consistent with the expectations of the Standard Model. Most searches are based 
on leptons (mainly electrons and muons) and on missing transverse energy due to 
neutrinos. Similar topologies can be interpreted in many different models which 
predict new physics beyond the Standard Model. With the current integrated 
luminosity some of the searches start to become competitive with similar searches 
performed at Run I, at LEP and at HERA. In this report only a few highlights 
can be presented. 

3.1 Large Extra Dimensions 

It has been suggested in the context of string theory that the apparent Planck 
scale, Mpi 10^^ GeV, which is the scale where gravity becomes comparable in 
strength to other interactions, can be related to physics at the TeV scale and 
is therefore accessible to experimental tests at current high energy experiments. 
Arkani, Dimopoulos, and Dvali [2] have proposed a framework where the hier- 
archy problem is solved by assuming that the fundamental Planck scale Ms is 
similar in size to the elect roweak scale. 
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Fig. 3. Summary plot for the W and Z production cross-section in electron and muon 
final states as a function of ^/s. 

This is accomplished by relating the apparent Planck scale Mpi to the Planck 
scale in a (3 + n)-dimensional theory, 

Mpi = (1) 

where n is the number of Extra Dimensions and R is the compactification radius. 
Assuming for the fundamental Planck scale Ms — 1 TeV, n = 2 corresponds 
to 1 mm, which is accessible to gravity experiments. Only accelerator 

experiments, however, can study the region n> 2. 

Large Extra Dimensions are expected to manifest themselves through the 
effects of virtual graviton exchange in di-fermion or di-boson production (see 
Fig. 4). They are parametrised via a single variable t]g = ^ I where is a. 
dimensionless parameter of order unity. Different formalisms are used to define 
R. 

The cross-section is parametrised by 
d^(j 

I „ ^ — fsM /interference “1“ /xaluza— Klein^G ’ (^) 

dMd COS 6^ 
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Fig. 4. Diagrams for di-lepton production in the presence of Large Extra Dimen- 
sions [3]. 



where / are functions of the di-fermion (or di-boson) invariant mass M and the 
scattering angle cos^* in the cent re- of- mass frame. The first term is due to the 
Standard Model, the last term due to Kaluza-Klein graviton exchange and the 
second term due to interference. Graviton exchange would modify the (M, cos 9*) 
distributions. 

A search for Large Extra Dimensions in the di-electron and di-photon chan- 
nels has been performed using L = 130 pb“^ of data. A similar analysis has been 
performed in the di-muon channel using 100 pb“^ of data. For the di-electron 
and di-photon analysis two electromagnetic objects in the calorimeter, which are 
consistent with an electron or photon hypothesis and have transverse energies 
greater than 25 GeV, are required for the final selection. The two-dimensional 
distribution of the invariant mass M and the scattering angle cos is shown in 
Fig. 5. 

New limits on the fundamental Planck scale Ms of 1.28 TeV (in the GRW 
convention [4]) are derived from a fit to the (M, cos^*) distribution, exceeding 
limits obtained with similar statistics in Run I [5] . Combined with the published 
Run I result, this corresponds to a lower limit of Ms > 1.37 TeV, which is the 
most stringent limit on Large Extra Dimensions to date. 



3.2 Leptoquarks 

Leptoquarks (LQ) are coloured spin 0 or spin 1 particles carrying both baryon 
(B) and lepton (L) quantum numbers. They appear in many extensions of the 
Standard Model as a consequence of the symmetry between the lepton and 
quark sectors. The Buchmiiller-Riickl- Wyler (BRW) model [6] assumes lepton 
and baryon number conservation. Moreover the simplifying assumption is made 
that a given leptoquark couples to just one family of fermions. Leptoquarks may 
decay into either a charged lepton and a quark or into a neutrino and a quark. 
The branching ratio of the decay into a charged lepton and a quark is commonly 
denoted by (3. 

The D0 experiment has searched for scalar (spin 0) first generation and se- 
cond generation leptoquarks decaying into eq and /xq final states, respectively. 
The scalar leptoquarks are pair produced. The mass limits are therefore indepen- 
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Fig. 5. Two-dimensional (M,cos6*) distributions for the ee and 77 final states. The 
expected Standard Model (SM) background, the expected signal due to Large Extra 
Dimensions (ED) for rye = 2 , the QCD background and the data are shown separately. 



dent of the Yukawa coupling A. Assuming /3 = 1 the final states are eeqq for the 
first generation and ////qq for the second generation leptoquark. Both analyses 
therefore require at least two jets with a transverse energy of more than 25 GeV 
in addition to two charged leptons with high transverse momentum pt . 

The reconstructed /x+jet mass distribution is shown in Fig. 6 together with a 
simulated second generation LQ signal with a mass of 200 GeV. The scalar sum 
St of the transverse energy of the two electrons and the two leading jets in the 
eeqq channel is found to give a good separation of signal and background. The 
St distribution is shown in Fig. 6 together with a simulated first generation LQ 
signal with a mass of 210 GeV. No evidence of LQ production is observed in any 
of the channels, 

A data sample of 135 pb~^ is used for the eeqq channel. A lower mass limit of 
231 GeV for a first generation scalar leptoquark at 95% Confidence Level (CL) 
is obtained, in the case of /3 = 1. The combined mass limit for a scalar first 
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Fig. 6. Top: Reconstructed /i+jet mass for all di-muon+di-jet events with M(/x/i) > 
110 GeV. There are two possibilities to combine the two highest-px muons with the two 
highest transverse energy jets. Only the combination with the smaller mass difference 
of the two leptoquark candidates of the event is chosen, and the reconstructed LQ 
mass of this event is the mean of the masses of the two /i+jet systems; Bottom: St 
distribution of di-electron + di-jet events in data (triangles) compared to background 
(histogram) after applying a veto cut against Z events. The dashed histogram is the 
St distribution for a 220 GeV LQ signal. 
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generation leptoquark is 253 GeV from D0 Run II and Run I results, which is 
the most stringent limit to date. 

The integrated luminosity used for the ///xqq channel is 104 pb“^. No excess of 
the data over the expected background is found, and the 95% CL mass limit for 
a scalar second generation leptoquarks assuming /3 = 1 is found to be 186 GeV. 

In addition, the case where one of the two leptoquarks decays into an electron 
and a quark and the other in a neutrino and a quark is also considered. Assuming 
j3 = 0.5, an upper mass limit of 156 GeV at 95% CL is obtained for a data set 
with an integrated luminosity of 121 pb“^. 

3.3 Gauge Mediated Supersymmetry (GMSB) 

D0 is searching for supersymmetric particles in a variety of different theoretical 
frameworks. A particularly interesting and clear signature is provided by Gauge 
Mediated Supersymmetry Breaking (GMSB). In GMSB models, the gravitino 
(G) is the lightest supersymmetric particle (LSP). 

The neutralino is the next-to-lightest supersymmetric particle (NLSP) in the 
scenario considered here. A typical process within this scenario is 

PP^X?X?+X^77 + GG + X, 

where the gravitino G remains undetected. 

An inclusive search for signals of new physics is therefore carried out in the di- 
photon plus missing energy channel. The analysis requires two electromagnetic 
clusters in the central part of the calorimeter with a transverse energy greater 
than 20 GeV and a missing transverse energy greater than 35 GeV. In total 
1.38 zb 0.30 events are expected from the Standard Model background and zero 
events are observed. The GMSB cross-section as a function of the SUSY breaking 
scale A is shown in Fig. 7. In the absence of a signal, lower bounds of m^o > 
80 GeV and m~± > 144 GeV are derived for the neutralino and chargino mass, 
respectively. 



4 Searches for the Higgs Boson 

The search for the Higgs boson is one of the most ambitious physics goals of 
the Tevatron. Production of the Standard Model (SM) Higgs boson through the 
Higgs-strahlung processes, qq' ^ W* — WH and qq Z* ^ ZH, where the 
W and Z boson decay leptonically, is the most promising search channel at the 
Tevatron (Fig. 8). The SM cross-section times branching ratio for producing 
a Higgs with a mass of 120 GeV is about 30 fb for the WH process if the W 
bosons decays into electron or muons. The signal rate in the current data sample 
corresponding to an integrated luminosity of about 200 pb“^ is therefore much 
too small to be observed. 

The ’’Road to the Higgs Discovery” , however, is well defined. Searching for the 
SM Higgs boson in the WH (or ZH) channel first requires a precise understanding 
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Fig. 7. GMSB cross-section as a function of the SUSY breaking scale A for tan/3 — 5, 
where tan /3 is the ratio of the Higgs vacuum expectation values. The 95% confidence 
levels limits and the Run I CDF and D0 results are also shown [7]. 




Fig. 8. Higgs production in the channel qq' W* WH. 



of the production of W and Z bosons. These results have been presented in 
Section 2. 

The next step is related to understanding (di-)jet production in events with 
W and Z production. In Fig. 9 the measured jet multiplicity and di-jet invari- 
ant mass in Z — > jUjU and Z -> ee events are compared to a simulation using 



Recent D0 Results at Run II 



1003 




N 



> 








0> 

O 






D0 Run II Preliminary 


«20 


- 












• Data 


CO 






MC 


c 








> 15 








LU 




— 1 


i — 


10 








5 


' 1 




-1- j 

1 -h 1 




1 

->-• — 
• 1 





1 |__ 

_i ■ ’ -J 1 



( I I —I * 

0 100 200 300 

(GeV) 



Fig. 9. The data points show the combined data for Z events with e+jets and /i+jets 
final states. The shaded bands show the Monte Carlo prediction. The width of the band 
refiects the (currently statistics limited) range allowed by the jet energy calibration. 
Top: inclusive jet multiplicities; bottom: di-jet invariant mass. 



1004 Stefan Soldner-Rembold (on behalf of the D0 collaboration) 

the PYTHIA Monte Carlo program. The jet selection requires the jet to have a 
transverse momentum larger than 20 GeV and it has to lie within the pseudora- 
pidity range \rj\ <2.5. The band used for the Monte Carlo prediction shows the 
uncertainty due to the calorimeter energy scale. Reasonably good agreement is 
observed between data and Monte Carlo. 

For SM Higgs mass below 135 GeV, the Higgs boson primarily decays into bb 
final states. Jets originating from b-quarks can be identified using the lifetime 
r ~ 1.5 ps of B hadrons which translates into a decay length of the order 1 mm 
in the detector. The tagging of b-jets is performed by measuring the impact 
parameter of tracks, the reconstruction of secondary vertices and by identifying 
semi-leptonic b decays. An important tool is the Silicon Microvertex Detector 
(SMT) which has been shown to measure the impact parameter of tracks with 
large transverse momentum with a resolution of 15/xm. 

If the mass of the Higgs particle is in the range of 135 to 200 GeV, it will 
predominantly decay to W pairs. A search for Higgs decays in W pairs has been 
performed for decays into ee, e/x and ///i final states using data corresponding 
to an integrated luminosity of 118 pb~^. The electrons have to be within a 
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Fig. 10. Azimuthal angle between the two muons, after a loose pre-selection 

and after the final cuts. 
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pseudorapidity range of |? 7 | < 1.3 and the muons within |? 7 | < 2. The cuts on 
the transverse momenta vary between 7 GeV and 20 GeV depending on the 
final state and the Higgs mass studied. For the /x/x channel the azimuthal angle 
between the two muons, Z\0(yU/x), is shown in Fig. 10. Since the spins of the two 
W bosons from the Higgs decay are correlated, Z\0(/x/u) is on average smaller for 
signal than for background events. 




Higgs mass (GeV) 



Fig. 11. Higgs production cross section times BR( JI WW) excluded with the 
current D0 data (and LEP experiments), along with the expectations from various 
models. This result is a combination of the ee, e/x and /xyLx analyses. 



After the final event selection using a sequence of cuts to suppress background 
one event is observed in good agreement with the Monte Carlo expectation for 
the sum of all SM processes of 0.95 ± 0.12 events. Since no signal is observed 
in this channel and in the e/x and ee channels, a combined limit on the Higgs 
production cross section times the branching ratio BR(iJ — WW) at 95% CL 
is obtained in Fig. 11. A SM Higgs boson in the WW decay channel cannot be 
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excluded yet with the current integrated luminosity, but the sensitivity is within 
less than a factor of ten for a 4th generation model. 

In addition to the results presented here the D0 experiment is searching for 
Higgs production in several other scenarios beyond the Standard Model. Results 
have recently been presented on Higgs decays into two photons and on doubly- 
charged Higgs bosons decaying into two muons. 



5 Summary 

First results of the D0 experiment on W and Z production, searches for Large 
Extra Dimensions, Leptoquarks and Gauge Mediated Supersymmetry have been 
reported. With the recorded integrated luminosity many search results are al- 
ready improving on previous limits obtained at Run I and LER The Tevatron is 
currently the only running collider at the high energy frontier and many exciting 
results are expected in future years. 
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Abstract. Lattice QCD predicts a phase transition between hadronic matter and a 
system of deconfined quarks and gluons (the Quark Gluon Plasma) at high energy 
densities. Recent results from the Brookhaven Relativistic Heavy Ion Collider (RHIC) 
dedicated to the study of QCD at extreme densities will be discussed and compared to 
measurements obtained at the CERN Super Proton Synchrotron (SPS). 



1 Introduction 

Quantum Chromo Dynamics (QCD) provides, as part of the standard model, a 
very successful description of strong interaction processes involving large momen- 
tum transfer. However, from first principles several important aspects of QCD 
are still poorly understood. Examples are color confinement, chiral symmetry 
restoration and the structure of the vacuum. Better understanding of these con- 
cepts can be obtained if we are able to study quarks and gluons in a deconfined 
state, the so-called Quark Gluon Plasma (QGP). 

Such a deconfined state might be created in the laboratory in heavy-ion 
collisions at the highest energies. Theoretical guidance for this comes from Lat- 
tice QCD calculations. Lattice QCD predicts that at an energy density e ^ 1 
GeV/fm^, corresponding to a temperature of about 170 MeV, the system un- 
dergoes a phase transition from nuclear matter to a deconfined system of quarks 
and gluons. 

Figure la shows the energy density divided by the fourth power of the tem- 
perature, T, versus the temperature from a lattice calculation [1]. This figure 
shows that in between 150-200 MeV the energy density increases rapidly which 
is indicative of a phase transition where at high temperature the quarks and 
gluons become the relevant degrees of freedom. The figure also indicates where 
according to our current understanding the different heavy-ion machines are lo- 
cated on this diagram. These calculations are done with zero baryon chemical 
potential, fiB^ reflecting the conditions of the early universe. Small values of the 
chemical potential are obtained at RHIC collider energies whereas at lower ener- 
gies, e.g. AGS and SPS, the value of is large. In Fig. lb the relation between 
the transition temperature and the chemical potential from recent lattice calcu- 
lations [2] is shown. The calculation indicates that the transition temperature 
decreases with increasing /i b and furthermore that at low b the transition from 
the hadronic phase to the QGP is a rapid crossover (dotted line) while at large 
fiB ^ first order transition should take place (full line). 
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Fig. 1. a) Energy density divided by versus T at = 0 [1]. b) Transition tempe- 
rature as a function oi (ib [2]. The dotted line illustrates the rapid crossover while the 
solid line illustrates the first order phase transition. 



2 The Relativistic Heavy Ion Collider (RHIC) 

Heavy-ion physics entered a new era with the advent of the Relativistic Heavy 
Ion Collider (RHIC) at Brookhaven National Laboratory. RHIC is a versatile 
collider providing collisions with different ion species (ranging from protons to 
gold) at a wide range of center of mass energies s/s^. In the four years of 
operation collisions were provided for Au+Au at 19.7, 130 and 200 GeV, p+p at 
200 GeV and d+Au at 200 GeV. Note that the top center of mass energy for p+p 
is 500 GeV at RHIC. For details on the machine and the detectors (BRAHMS, 
PHENIX, PHOBOS, STAR), see [3, 4]. 

3 Event Characterization 

Heavy ions are extended objects and the system created in a head-on collision is 
different from that in a peripheral collision. Therefore, collisions are categorized 
by their centrality. Theoretically the centrality is characterized by the impact 
parameter b which, however, is not a direct observable. Experimentally, the 
collision centrality can be inferred from the measured particle multiplicities if 
one assumes that this multiplicity is a monotonic function of b (see Fig. 2a). 
Another way to determine the event centrality is to measure the energy carried 
by the spectator nucleons (which do not participate in the reaction) with Zero 
Degree Calorimetry (ZDC), shown in Fig. 2b. A large (small) signal in the ZDCs 
thus indicates a peripheral (central) collision. 
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Fig. 2. a) Multiplicity distribution measured in STAR [5], The different colors denote 
the different fractions of the cross section, b) ZDC signal versus multiplicity, measured 
by PHENIX [6]. 



Two other measures of the centrality which are often used are the number of 
wounded nucleons and the equivalent number of binary collisions. These numbers 
are related to the impact parameter b using a realistic description of the nuclear 
geometry in a Glauber calculation, see Fig. 3. Phenomenologically it is found 
that soft particle production scales with the number of participating nucleons 
whereas hard processes scale with the number of binary collisions. 



4 Low-pt Observables 

Examples of global observables which provide important information about the 
created system are the particle multiplicity and the transverse energy. 

Figure 4 shows the transverse energy versus the collision centrality as mea- 
sured at ^/s^ = 130 GeV by the PHENIX collaboration [7]. This measurement 
allows for an estimate of the energy density as proposed by Bjorken [8] 

_ _1 1_ dEr 

t:B? ctq dy 

were R is the nuclear radius and tq is the effective thermalization time (0. 2-1.0 
fm/c). Erom the measured (dET/drj) = 503 ± 2 GeV it follows that e is about 

5 GeV/fm^ at RHIC. This is much larger than the critical energy density of 1 
GeV/fm^ from Lattice QCD (see Fig. 1). 

Figure 5 shows the charged particle multiplicity distributions versus the pseu- 
dorapidity T] measured by PHOBOS at three different energies [9]. The gross 
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Fig. 3. Number of wounded nucleons and binary collisions versus impact parameter. 
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Fig. 4. Transverse energy as a function of centrality as measured by PHENIX [7]. 
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Fig. 5. Multiplicity versus pseudo-rapidity for 19.6, 130 and 200 GeV measured by 
PHOBOS [9]. 

features of the particle multiplicity distributions are described by a similar be- 
havior of the tails (limiting fragmentation) and a plateau at mid-rapidity consi- 
stent with a boost invariant region of Ay ^ 1. Notice that in total about 5000 
charged particles are produced in the most central Au-hAu collisions at the top 
RHIC energy. 



4.1 Particle Yields 

The integrated yield of the various particle species provides information on the 
production mechanism and the subsequent inelastic collisions. 

A very successful description of the relative particle yields is given by the 
thermal model. In Fig. 6 the particle yield ratios measured at RHIC are plotted 
and compared to values from a thermal model fit [11]. The results from the fit 
show that all particles ratios are consistent with a single temperature and single 
chemical potential in a thermal description. The temperature obtained in this 
way, 176 MeV, is called the chemical freeze-out temperature. 

Figure 7a shows the relative particle ratios of pions, kaons and protons and 
their anti-particles versus rapidity [10]. For the protons and kaons the ratio drops 
rapidly for y > 1. Figure 7b shows the ratio of K~ jK'^ versus p/p for AGS to 
RHIC energies. The decreasing ratio of p/p as a function of rapidity can thus be 
understood from the changing baryon chemical potential at a constant chemical 
freeze-out temperature. 

Figure 8 shows the chemical freeze-out temperature obtained in the thermal 
model versus in the SIS to RHIC energie range. The chemical freeze-out 
temperature increases strongly from SIS to SPS energies above which it seems 
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Fig. 6. Particle yield ratios at RHIC compared with a thermal model [11]. 



(T=170HeV) 




Fig. 7. a) Particle ratios versus rapidity measured by BRAHMS [10]. b) The ratio 
K“/K+ versus p/p or, equivalently, ( ib - 



to saturate close to the phase boundary temperature from lattice calculations 
(see also Fig. lb). This observation is not inconsistent with the scenario that 
the matter produced at SPS and RHIC energies was first thermalized in the 
deconfined quark-gluon plasma phase and subsequently expanded through the 
phase boundary into a thermal gas of hadrons. For a detailed overview of particle 
production and the thermal model see [ 13 ]. 
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Fig. 8. Our current knowledge of the phase diagram [12]. Shown is the chemical freeze- 
out temperature versus fiB obtained at different beam energies, which can be compared 
to the critical temperature from lattice QCD calculations. 



4.2 Spectra 

The particle spectra provide much more information than the integrated particle 
yields alone. The particle yield as a function of transverse momentum reveal the 
dynamics of the collision, characterized by the temperature and transverse flow 
velocity of the system at kinetic freeze-out. Kinetic freeze-out corresponds to the 
final stage of the collision when the system becomes so dilute that all interactions 
between the particles cease to exist so that the momentum distributions do not 
change anymore. 

Figure 9a and b show the transverse momentum distributions at ^/s = 17 GeV 
from NA49 [14]. The lines are a fit to the particle spectra with a hydrodynami- 
cally inspired model (blast wave) . The fit describes all the particle spectra rather 
well which shows that these spectra can be characterized by the two parameters 
of the model: a single kinetic freeze-out temperature and a common transverse 
flow velocity. Figure 9c shows the combined pion, kaon and proton pfSpectra 
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Fig. 9. NA49 (SPS) and RHIC low-pt spectra [14, 15, 19, 18, 16, 17]. 



from the four RHIC experiments. Also at these energies it follows from a com- 
mon fit to all the spectra that the system seems to freeze-out with a similar 
temperature and transverse flow velocity as observed at SPS energies. 



4.3 Azimuthal Correlations with the Reaction Plane 



The nuclear overlap region, shown in gray in Fig. 10a, has in non-central collisions 
an almond like shape with its longer axis perpendicular to the reaction plane (the 
plane defined by the beam axis Z, and the impact parameter b). This particular 
shape leads to a pressure gradient which is different in and out of the reaction 
plane which, in turn leads to azimuthally asymmetric particle emission. 

The asymmetry can be described by: 



E 



dfip 



1 d^N 

27 t ptdptdy 



oo 

[1 + ^2 2vncos(n0')] 

n=l 



where 0' is the azimuthal angle with respect to the reaction plane and the 
coefficient of the second harmonic, U 2 , is called elliptic flow. The magnitude 
of V 2 and its pt dependence allows for the extraction of the kinetic freeze-out 
temperature and the transverse flow velocity as function of emission angle. 

Figure 10b shows the integrated value of V 2 versus beam energy. The magni- 
tude of V 2 increases smoothly from AGS to the top RHIC energy. At the highest 
RHIC energies for the first time in heavy-ion collisions the value reaches quali- 
tative agreement with prediction from hydrodynamic model calculations [21]. 

Figure 11 shows the measurement of V 2 versus pt for pions and protons plus 
antiprotons. Due to transverse flow the pf dependence of V 2 depends on the 
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Fig. 10. a) Illustration of the nuclear overlap region in non-central heavy-ion collisions, 
b) Integrated value of V 2 versus beam energy [20]. 




Fig. 11. V 2 {pt) for pions and protons at = 130 [23]. The lines are hydrodynamical 

model calculations [22]. 



particle mass as is evident from Fig. 11. Also shown in this figure are hydro- 
dynamical model calculations using two different equations of state [22] corre- 
sponding a hadron gas and a QGP. It is seen that the QGP EOS shows the best 
agreement with the data. In Fig. 12 RHIC data on V 2 {pt) [23, 24, 25, 26] for 
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Fig. 12. V2{pt) for identified particles compared to a blast wave fit [23, 24, 25, 26]. 



various particles are compared to a hydrodynamical inspired blast wave fit. The 
agreement of the data with this fit shows that the V 2 {pt) for ^,11 particles can be 
described in terms of a single temperature and a ^-dependent transverse flow 
velocity. Furthermore, the magnitude and pt dependence of the elliptic flow for 
the various particles suggest strong partonic interactions in an early stage of the 
collision and, perhaps, early thermalization of the system. 

4.4 Hanbury-Brown Twiss Interferometry 

Two-particle intensity interferometry, or the Hanbury-Brown Twiss [27] (HBT) 
effect, is a technique used to measure the size of an object emitting bosons. In 
heavy-ion collisions pion HBT has been used extensively to probe the space-time 
structure of the produced system. 

For a given pair of pions, we can define their momentum difference, q, and 
their momentum average, k (see Fig. 13a). With these two vectors and the beam 
direction we can define the coordinate system used in HBT [29] : The longitudinal 
direction which is along the beam direction z. The outward direction (Ro), 
in the z,k plane and J_ z. Finally the side- ward direction (Rg), -L z and J_ k. 
At low-pt, for a boost-invariant source, the side- ward radius will correspond to 
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Fig. 13. a) Coordinate system used in HBT. b) The energy dependence of tt HBT 
parameters [28]. 



the actual physical transverse (RMS) size of the source at kinetic freeze-out. At 
larger-pt the source size reflects the region of homogeneity, due to the transverse 
flow of the system. The outward radius contains a mixture of the spatial and 
time extent of the source. Figure 13b shows the energy dependence of the 7 t“ 
HBT radii [28]. The evolution of the HBT radii shows a smooth dependence 
versus center of mass energy. The observed ratio Rq/Rs is part of the so-called 
“RHIC HBT puzzle”. The value is very close to unity, which naively implies 
an almost instantaneous emission of particles. The models, which are successful 
in describing the measured spectra and elliptic flow, predict larger values for 
this ratio. However in a blast wave description the dependence of the HBT radii 
versus pt is consistent with the large transverse flow deduced from the identified 
particle spectra and V2 [30]. 
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5 High-pt Observables 



In heavy-ion collisions at RHIC, jets with transverse energies above 40 GeV 
are produced in abundance, providing a detailed probe of the created system. 
However the abundant soft particle production in heavy-ion collisions tends to 
obscure the characteristic jet structures. At sufficient high-pt the contribution 
from the tails of the soft particle production becomes negligible and jets can 
be identified by their leading particles. It was proposed that a leading particle 
traversing a dense system would lose energy by induced gluon radiation (so called 
jet-quenching [31]). The amount of energy loss is in this picture directly related 
to the parton density (mainly gluons at RHIC) of the created system. Currently 
there are three observables sensitive to this energy loss as discussed in the next 
two subsections. 



5.1 Single Inclusive Particle Yields 



As mentioned above, the single inclusive particle yield at sufficiently high-pt is 
dominated by the leading particles from jets. 
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Fig. 14. a-d) ttq spectra in p+p [32] compared to NLO QCD calculations, e) Charged 
hadrons in p+p and Au+Au [33]. 
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Figure 14a shows the ttq spectra as measured in p-fp at ^/s = 200 GeV. In 
the same figure also two NLO QCD calculations are shown. The ratio of the data 
to the theory shows that in p+p the ttq spectrum is well described. In Fig. 14e 
the charged hadron spectra measured in Au+Au at ^/s^^ = 200 GeV and the 
p+p reference spectra at the same energy are shown. One of the observables 
suggested for measuring energy loss is the so called nuclear modification factor 
defined by 



P z 'i = (PaAA/dydpt 

{A^binary)d^<7pp/dydpt ’ 

where d^Cpp/dj/dpt is the inclusive cross section measured in p+p collisions (see 
Fig. 14a, e) and (A^binary) (see Fig. 3) accounts for the geometrical scaling from 
p+p to nuclear collisions. In the case that a Au+Au collision is an incoherent 
superposition of p+p collisions this ratio Raa would be unity. Energy loss and 
shadowing would reduce this ratio below unity while anti-shadowing and the 
Cronin effect would lead to a value above unity. 
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Fig. 15. d+AU and Au+Au measurements from PHOBOS [35], STAR [33], 
PHENIX [34] and BRAHMS [36]. 
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Figure 15b, c shows this ratio for charged particles and tto’s in central Au+Au 
collisions at mid-rapidity. The ratio is well below one and at high-p^ the suppres- 
sion is a factor of 5. At intermediate pt the charged particles and ttq are both 
suppressed; however the magnitude differs by a factor of two. In Fig. 15d Raa 
is plotted at more forward rapidities showing that the suppression also persists 
there. 

To discriminate between energy loss and shadowing, d-hAu collisions were 
measured. If the suppression is due to shadowing it should also be observed 
in the d-Au system. Figure 15a shows the d-hAu spectra versus centrality and 
Fig. 15b, c the nuclear modification factor for charged particles and ttq, respec- 
tively. It is clear that in d-hAu interactions no suppression is observed. In fact, 
to the contrary, a small enhancement is seen consistent with the Cronin effect. 
From this observation it follows that the observed suppression in Au-hAu collisi- 
ons is due to final state interactions. The magnitude of the observed suppression 
at the top RHIC energy indicates, in the jet quenching picture, densities which 
are a factor 30 higher than in nuclear matter. 



5.2 Azimuthal Correlations 



In heavy-ion collisions, azimuthal correlations between particles can be used to 
study the effect of jet quenching in greater detail. The azimuthal correlations 
of two high-pt particles from jets are expected to show a narrow near-side cor- 
relation and a broader away-side correlation. However, in the case of strong jet 
quenching the away-side jet would suffer significant energy loss and would be 
suppressed. 
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Recently, CERES measured such a correlation function at the top SPS energy. 
In Fig. 16a the nearside correlation (at Acf) — 0) shows a narrow peak consistent 
with the correlation observed in jets. The away-side correlation peak is obser- 
ved in more peripheral collisions but disappears for more central collisions, see 
Fig. 16b. Figure 16c shows that the width (cr) of the near-side correlation peak 
stays constant as a function of centrality, but that the away-side peak broadens 
for more central collisions. The total integrated yield is the same in the near and 
away-side peak (Fig. 16d). Therefore, the disappearance of the away-side peak 
at the top SPS energy is interpreted as being due to initial state broadening [37]. 




Fig. 17. a,b) Back to back correlations [38] and c) elliptic flow parameter [24] at 
intermediate pt . 



The azimuthal correlations of high-pt particles (trigger particle 4 < pt < 
6 GeV/c, associated particle 2 GeV/c < pt < measured in p+p collisions 

at RHIC are shown as the histogram in Fig. 17b. The near-side and away-side 
peaks are clearly visible. The correlation function observed in central Au+Au 
collisions (stars in Fig. 17b) shows a similar near side peak while the away-side 
peak has disappeared. 

To investigate if this is due to initial state effects, the same analysis was 
done for d+Au collisions. In Fig. 17a the near and away-side peaks are shown 
for minimum bias and central d+Au collisions compared to p+p. The away- 
side correlation in d+Au is clearly observed even for the most central collisions. 
Comparing the away-side correlation in p+p, d+Au and Au+Au, Fig. 17b, shows 
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that the suppression only occurs in Au+Au collisions and therefore is a final state 
effect as expected from jet quenching. 

The energy loss depends on the distance traversed through the dense medium 
by the partons. In a non-central collision the distance will depend on the azimut- 
hal angle with respect to the reaction plane [39] (see low-pt section) . Because the 
hard scattering producing the di-jet has no correlation with the reaction plane, 
an observed asymmetry in the high-pt particle emission will be due to final state 
interactions (such as the jet quenching mechanism). In Fig. 17b the observed 
elliptic fiow signal as a function of pt is shown for charged particles, kaons and 
lambdas. It is clear from this figure that the observed asymmetry is very large up 
to the highest pt measured. Like the nuclear suppression factor Raa^ the elliptic 
flow at intermediate pt depends on the particle species. This could be due to 
an interplay between the soft hydro dynamical behavior and the jet quenching, 
which would cause a mass dependence [40]. 




Fig. 18. a) Charged pion, charged kaon and proton plus antiproton V 2 measured by 
PHENIX [26]. b) K% and lambda plus antilambda V 2 measured by STAR [24]. Shown 
is V 2 versus pt where both are normalized by the number of constituent quarks. 



However, more recently this has been interpreted as a possible sign of par- 
ticle production at intermediate pt by parton coalescence [41]. In that case it 
is not the mass of the particle which is responsible for the splitting but rather 
the number of constituent quarks (two for mesons and three for baryons). Fi- 
gure 18a,b shows the elliptic flow versus pt, where both are normalized by the 
number of constituent quarks [26, 24]. Plotted like this, at intermediate pt? 
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V2 of the different species should reduce to an approximately universal curve. 
The measurement of the pions, kaons, protons and lambdas V2 indeed seem to 
follow this scaling. A definitive test will be the measurement of elliptic flow of 
the 0 -meson because in the coalescence interpretation it should have an elliptic 
flow similar to the pions while in the hydrodynamical interpretation is would 
have an elliptic flow value similar to the proton. 



6 Conclusions 

The first four years of RHIC operation have provided a wealth of interesting 
data. We have seen that: 

• Particle yields indicate a chemical freeze-out of the system near the phase 
boundary; 

• Identified particle spectra are consistent with boosted thermal distributions 
and identified particle elliptic flow shows remarkable agreement with ideal 
hydrodynamical calculations based on a QGP equation of state; 

• The particle yield at high-pt is suppressed compared to proton-proton refe- 
rence data. The fact that this suppression does not occur in d-|-Au collisions 
shows that it is a final state effect, consistent with parton energy loss in dense 
matter (jet quenching); 

• The suppression at intermediate pt shows a particle dependence which could 
be explained by particle production, at intermediate p^, by parton coales- 
cence; 

• The elliptic flow at intermediate pt is large and also shows a particle depen- 
dence. Like above, this is consistent with energy loss in dense matter and 
particle production via parton coalescence; 

• In the most central events the high-pt back to back correlations are consistent 
with zero. Such disappearance of the away-side jets is expected in the case 
of very strong energy loss in a dense medium. 

All these observations, taken together, are consistent with the creation of 
a very dense and strongly interacting system in heavy-ion collisions at RHIC 
energies. While all these observations are consistent with the creation of a QGP, 
more detailed knowledge of QCD at high densities and temperatures is required. 
This poses a formidable challenge for theory but will be crucial for the detailed 
interpretation of the present and future data taken at RHIC and LHC. 
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Abstract. The data collected with the DELPHI detector in LEP2 e“^e“ collisions are 
used to search for effects of directly unaccessible heavy physics through its indirect 
manifestations at energies of about 200 GeV. Different final states, ranging from single 
7 to 4- fermions -h 7 , are analysed. No deviations from the Standard Model predictions 
are found and thus limits on new couplings are derived. Depending on the studied 
process, the data allows to probe details of the Standard Model couplings at the 5% 
level, to limit new physics up to 10 TeV or to test the description of specific final states. 



1 Introduction 

The Large Electron Positron Collider (LEP) was operated up to the year 2000, 
providing DELPHI and other three experiments with e+e“ collisions at centre- 
of-mass energies ranging between the mass and 209 GeV. To test possi- 
ble effects of new physics the higher centre-of-maiss energy period (LEP2, with 
= 183 — 209 GeV) is the most relevant one and the integrated luminosity 
is also an important feature. The luminosity of the data collected by DEL- 
PHI is shown in table 1 as a function of the centre-of-mass energy. DELPHI 
is a cylindrical detector composed of layers which include vertex and tracking 
detectors, electromagnetic and hadronic calorimeters, Cerenkov detectors and 
muon chambers. The same structure is repeated on the cylinder bases. The 
main characteristics of DELPHI are the almost 47 t coverage, its granularity and 
the particle identification capabilities. The details of the DELPHI description 
and performance are given in [1]. 

DELPHI has made precision measurements of the parameters of the Stan- 
dard Model (SM) and searched for signatures of new particles whether or not 
predicted by its most popular extensions: no new physics was found there. Howe- 
ver, new physics mediated by heavier bosons could also lead to small deviations 
to the Standard Model predictions and give rise to new interactions between the 



Table 1. Centre-of-mass energies and integrated luminosities collected by DELPHI. 



year 


1997 


1998 


1999 


2000 


v/i (GeV) 


183 


189 


192-202 


204-209 


£ (pb-i) 


50 


150 


220 


220 
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known particles. While not aiming at identifying their sources, analysis of the 
data can be done in terms of effective parameterizations of the new vertices for 
corresponding final states. 



2 e+e uhf Couplings 

The simplest final states at LEP are those in which only one photon, and no 
other particles, is detected. They arise from the production of vv through a 
exchange in the s-channel (or a exchange in the t-channel, in the case of 
The photons are radiated by the beams and the mass recoiling against 
the photon peaks on the mass, in what is known as the “radiative return to the 
process; while the photons radiated by the have no prefered energy. The 
measurement of the corresponding cross-section leads to the determination of the 
number of light neutrino species (with SM couplings to the Z°): = 2.80 zb 

0.10(5tat) :£0.14:(syst) [2]. However, new contributions could appear beyond the 
SM, and this is also the process to search for new weakly interacting neutral 
particles at LEP. 




Missing mass (GeV) 




Eig* !• (top) Missing mass distribution in single 7 events at y/s = 183 — 209 GeV, the 
data (dots) are compared to the SM expectations for lyuj (shaded area) and background 
(darker area), the line shows the effects of a new physics process, similar to those 
introduced by the new couplings, (bottom) 95% CL allowed region in the (ciL^ejn) 
planes for i=j=e (a), i=j=/i,r (b) and i=e, (c). 
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Furthermore, new contributions to i/P can also be present, and again 

the photon radiation can be used for the event tagging. These can be parame- 
trized as a function of the Fermi coupling (G^), and will in general depend on 
the helicity of the e and u and on the neutrino- type, being written as eiH-Gp 
[i = and H = L^R). The new contributions will interfere with the SM 

process, giving rise to changes in total cross-section and in the “invisible mass” 
spectra (namely, the new contributions will not peak at the mass). 

A likelihood ratio is used to compare the spectra obtained from the data 
(in figure l(top)) with the one expected for the SM process only and the one 
expected in presence of the new couplings. The new contributions correspond 
mainly to low energy photons, to leave high energy available for the vertex under 
study, but interference effects can also give rise to small changes in the peak. 
The results obtained using the ^/s = 200 — 209 GeV data set and high polar 
angle photons, are shown in figure 1 (bottom). 

Although the different neutrino types are not distinguishable, three different 
cases are considered: the production of which the data is sensitive to 

both positive and negative changes in total cross-section; = /i, t), for 

which the data is sensitive only to positive contributions; and in which 

case there are no interferences and the new term is tested directly. In the later 
case, the data excludes couplings above 0.25 Gf at 95% CL[2]. 



3 e+e bb Couplings 

The study of new couplings in between electrons and fermions can be sensitive, 
for example, to possible substructure. DELPHI has studied all fermion pair- 
production (except for top-quarks, whose mass is inaccessible at LEP). The 
specific case of heavy quark, and namely bb production, is described in this talk. 

The analysis starts with the selection of high energy (excluding radiative 
returns to the Z^) hadronic events (with high multiplicity of charged tracks). 
Only events within the acceptance of the vertex detector are used. The impact 
parameters of the tracks in relation to the interaction point, identification of 
secondary vertices and other variables are then combined to tag long-lived B 
mesons produced in the 6-quarks jets. 6-enriched samples can be obtained using 
this combined variable to separate bb events from the general qq. 

The differential cross-section for e+e~ — > bb can then be measured. H is 
parametrized by the global hadronic cross-section {cFhad)\?]-> the ratio of bb to 
the total qq production {Rh) and the forward-backward asymmetry for b-quark 
production all depending on the centre-of-mass energy, as shown in figure 

2 . 

Rb can be extracted by constructing the ratio: 

N^- 

— = Rb^b + Rc^c -i- {1 — Rb — Rc)^uds ( 1 ) 

P^tot 

where the well known values of Rc^ calculated with [4], are used. The main 
systematic uncertainties come from the estimation of the efficiencies (e^) for the 
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selection of b and c quark pairs (the contribution of light (uds) quarks is much 
smaller), and amount to around 1/3 of the statistical uncertainty from the b- 
tagged (tag) and hadronic (tot) samples (from which the background must be 
subtracted) . 

is obtained by fitting: 

, -" -T = 1 + \Afb cos 6 + cos^ 0. (2) 

a cos 6 

This is done in a purer sample of 66, reducing the correlation with the Rt, mea- 
surement. There are still small contributions from other quarks, and thus Afb 
is parametrized as: 



Afb — ^ ^ sign{Qq)WqA^^R^^ (3) 

in which R'^ represents the relative contribution of quark g, different according to 
its charge (Qg); Wq is a factor taking into account the possible mis-identification 
of the quark charge: in about 75% of the events the negative jet is assigned to 
the b-quark, but the charge mis-identification represents the main contribution 
to the systematic uncertainty. 

The effect of the new couplings can be parametrized in the effective Lagran- 
gian density [5]: 

q2 ^ 

^eff — (4) 

with T]ij = 0, ±1 and (i, j) = (L, R). The choice of rjij according to the helicities of 
the fermions gives rise to many possible models. G‘^j4:7r is set to 1 by convention, 
to give the expected interaction strength, leaving as the only free parameter T, 
representing the typical energy scale of the new physics processes. 





Fig. 2. Measurements of Rb (left) and A^^ (right) as a function of the centre-of- 
mass energy. The measured values at LEPl and LEP2 centre-of-mass energies are 
shown together with the SM expectations, including (dashed line) or not (full line) the 
radiative return events. 
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AO I i I 
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15TeV A" 15TeV 

Fig. 3. 95% CL exclusion regions of A for different helicity couplings. The positive 
and negative values correspond to the sign of the interference with the SM production. 
V0=LL+RR, A0=LR+RL, VV=V0+A0 and AA=V0-A0 represent usual combinations 
of the basic couplings. 



A likelihood fit to ahad x ^6 and can then be performed as a function of 
\j A? , which is null in the SM. It is then transformed to give the excluded values 
of A. The results obtained at 95% CL are shown in figure 3, for some of the most 
common models; |A| > 1 — 10 TeV, depending on the scenario considered [6]. 



4 e+e tq, Z^tq and 'jtq Couplings 

Top quarks can not be pair-produced at LEP due to their high mass. Single 
top production is kinematically possible but has very low cross-sections in the 
Standard Model: cr(e"^e“ e^UebF) ~ 10"® pb and cr(e+e“ ct) ^ 10“^^ pb. 

Using a formalism similar to the one in e^e~bb, new 4- fermion contact in- 
teraction vertices e^e~tq can be described. DELPHI has searched for such cou- 
plings, and derived limits on the associated new physics energy scale, A. Using 
just part of the data[7], the scale of vectorial couplings was limited to be above 
1.0 TeV, while other types of vertices were constrained to have A > 0.6 TeV 
(scalar) and 1.1 TeV (tensor). If all the couplings considered in [8] are allowed, 
a limit of A > 1.3 TeV is obtained. 

A more definite model can be considered [9], starting from the usual s-channel 
processes of LEP e+e" — > Z®/ 7 *, and assuming new flavour changing neutral 
couplings Z^tq and ^tq (g = tx, c). The transition strengths can be described by: 
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( 5 ) 

(6) 



{ziPl + Z2Pr) 

{9iPl + 92PR)q'' 

where Pi {i = L, R) are the helicity projectors; Zi,gi give the different couplings 
according to the helicity of the top quark {Qi P g 2 = == 1) and kz 

and parameterize the new coupling constants. A factor appears in P^ 
since this transition is only allowed at higher order, it is set to be the top mass 
(Mt) in the analysis. Also giZi + ^ 2^2 is set to -1, which gives the lowest total 
cross-section due to the negative interference between the two terms. 

The top quark decays to hW and according to the decay of the W qq' or 
W lu, two different final states appear: one characterized by 4 quark jets, the 
other by 2 quark jets, a charged lepton and missing energy. The same final states 
are originated in W~^W~ , which represents the main background of the 

analyses. Both analyses start with the identification of the final state, and the 
u/c-quark jet produced with the top is chosen as the least energetic one. In the 
final state with a lepton, the W can be easily reconstructed, while in the fully- 
hadronic final state, the b-tagging is used to separate the b-jet from the two-jet 
W system. Kinematic fitting imposing total energy- momentum conservation is 
used to rescale the measured 4-jet and the 2-jet, lepton and neutrino 4- moment a. 

Figure 4 shows invariant jet-jet masses in the two channels: in the 4-jet 
channel the jet-pair associated to the W in the signal is chosen, it peaks in the 
W mass for the signal sample, and shows a combinatorial behavior for the data 
and SM background; in the other case, the two-jet mass is the W mass in the 








M, GeV 



Fig. 4. (left) Mjj in the 4-jet sample, reconstructed as Mw in the signal: the data 
(dots) are compared with the SM expectations (histogram), the signal distribution is 
shown separately, (right) Mjj in the jjlu sample: the data (dots) are compared with 
the SM expectations (histogram) and with the expected signal distribution (strong 
line) . 
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data and background, but is uncorrelated in the signal sample. Other variables 
which can be useful to identify either the signal or the main backgrounds are 
used to produce global likelihood ratios used in the final analyses. 

The two final states are complementary in the sense that the hadronic analy- 
sis has the highest efficiency weighted by the BR (18±1%) but a high background 
level (102±2zb2 events expected, 90 seen in data, for all ^Js — 189 — 209 GeV), 
while the analysis with leptons has less expected background (llzblil events 
and 9 seen in the same data set) although with e.BR = 6 — 8% [10]. The two 
contribute at the same level to the cross-section determination at each energy. 



DELPHI 189-207 GeV 

h 1 

0.9 
0.8 
0.7 
0.6 
0.5 
0.4 
0.3 
0.2 
0.1 
0 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

/C, 

Fig. 5. 95% CL allowed regions for (k^,kz) for different M± (different shadings) com- 
pared to the allowed regions for Mt = 175 GeV, obtained by CDF [11] (pp collisions). 




The results at all centre-of-mass energies can be combined to give the allowed 
ranges of kz and kj . The systematic uncertainties introduced by the analysis are 
negligible but the results depend heavily on the top mas assumed. The results at 
95% CL are shown in figure 5 for three values of Mf. Results obtained by other 
experiments are also shown, highlighting the complementarity between several 
collider types. While at LEP the s-channel production is studied, in pp collisions 
at high energy (where the top quarks are produced in reasonable numbers) it is 
the top decay which is analysed and thus the sensitivity to kz is reduced but 
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extra sensitivity to is obtained; in ep collisions the top can be produced by 
t-channel exchange of neutral gauge bosons, dominated by 7 exchange, results 
from the ZEUS experiment constrain kj < 0.20 at 95% CL [12]. 



5 W'^W and W+W 7 Couplings 

The production can itself have contributions on new anomalous cou- 

plings. Its study is one of the main goals of LEP2, as it allows for the direct 
test of the non- abelian character of the Standard Model, which predicts Triple 
Gauge Boson couplings (TGC). 

A general parameterization of those can be done as: 

-i.gv qY {W+,W->^V' (7) 

-i.gv kv W+W-V^^’^ (8) 

-i.gv \v/ml, (9) 

where V = , 7 , and the three terms correspond to charge- like, dipole-like and 

quadrapole-like couplings, the two first existing in the SM (with gX == /cy = 1 ), 
while the later is absent. Small deviations to this structure can be expressed 
as function of three parameters, Agf ^ Akj and Xj, as CP and electromagnetic 
invariance imply Ag'J = 0 , and Akz = Agf — Ak^ tan^ Ow’ 

These couplings arise in W~^W~ production but also single production 

(with ez/, both escaping in the beam pipe). They can change the total cross- 

section and the differential distributions, in particular that of the W~ production 
angle. The two channels of W~^W~ — > 4 jets and — )> jjlu are selected by means 
of a Neural Network and an Iterative Discriminant Analysis, respectively, with 
high efficiencies and purity [13]. The reconstruction and identification of the 
W~ is in the later case simplified by the reconstruction of the lepton charge, 
and that is used in the analysis together with extra differential information from 
the lepton production angle and its separation from the other reconstructed W. 
In the case of 4-jet events, the charge reconstruction is a more delicate problem, 
but probabilistic information is used. The single W channels give rise to two- 
jet events with missing energy or events in which only a charged lepton is seen 
in the detector. In these cases, the only available information for the coupling 
derivation is related to the opening angle between the two jets. 

Likelihood fits to the obtained distributions and cross-section in each channel 
are used to determine the allowed ranges of the three anomalous parameters [14]. 
The channel with more information {jjli^) dominates the results obtained for 
Agf and A^, but all the channels contribute to the Ak^ result, as seen in figure 6 . 
Systematic uncertainties, due mainly to the efficiency determination in the single 
channels and to the implementation of radiative corrections in W~^W~ , 
must be taken into account. 

In addition, the new terms also interfere with each other, and thus the allowed 
ranges of the parameters are determined in 3 -dimensional likelihood fits (see fig. 



Search for Exotic Couplings at DELPHI 1035 





DELPHI preliminary 
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= - 0.043 




= 0.015 




= 0.003 



+omB 

-0.096 

+D.045 

-0.042 

+0.039 

-0.036 



Fig. 6. Changes in the logarithm of the likelihood function, for the three TGC para- 
meters and the several analysis channels. The combined results including systematic 
errors are shown in the darker lines. 



7). The obtained values, when using the data samples = 189 — 209 GeV, are 
consistent with the SM expectations within 1 standard deviation [14]: 

Agi = - 0 .Olto.o 7 > -^^7 = “0-0’^io.io A^. = +0.04to,o6- couplings 

are tested at the 5% level. 



6 W+W Z^-y and 77 Couplings 

Due to the abelian structure of the Standard Model, to each Triple Gauge Cou- 
pling there is an associated Quartic coupling (QGC) which is suppressed in 
relation to the former by an extra weak constant factor. The inverse is not true, 
and new operators can induce effective W~^W ~~ and W~^W~'y'j couplings 
while leaving the TGC unchanged. 

These new couplings would be seen as inducing extra photons in W~^W~ 
events. High energy photons would then be produced in the W~^W~ vertex, in 
contrast with the usual case in which the photons are low energetic and radiated 
by the initial (ISR), the (WSR) or the final charged fermions from 
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Fig. 7. Allowed areas for each two-parameter space, when the 3rd one is set to the 
best-fit result. The 68% and 95% CL regions (obtained) with or without systematic 
uncertainties) are shown in the shaded areas. 





decay (FSR). The high energies and luminosities achieved at LEP allow for a 
first analysis of such rare events. 

In a first step, it is necessary to be confident on the available descriptions of 
the standard radiative processes; in a second step, more energetic, isolated and 
central photons can be selected, thus reducing the contribution of the Brems- 
strahlung photons emitted close to their parent particle. Figure 8 shows the 
photon distributions in the = 189 — 209 GeV data samples. 

Photons are selected within the two W~^W~ samples considered for the 
TGCs, their energy is above 5 GeV and, in the second level (after checking 
the good agreement at low polar angles, l9, characteristic of ISR and low isola- 
tion angles, a, characteristic of FSR), they are required to have | cos0^| < 0.95 
and cosa^ < 0.90. In the fully-hadronic sample this results in a reduction from 
140 events (142zb2 expected) to 70 events (68±1), and in the semi-leptonic sam- 
ple from 135 (138±2) to 52 (64±1), where the small deficit is concentrated in 
the qqri/ channel[15]. 

A 5% systematic uncertainty is assigned to the moddeling of the SM, which 
is complemented with 1.5%(3%) uncertainty from (j) selection, and a 
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Fig. 8. Distributions of energy (a,d), cosine of polar angle (b,e) and isolation angle 
(c,f) of the photons, in the two selection levels. The data (dots) are compared to the 
SM expectations (shaded area), the signal used in the anomalous couplings analysis is 
represented in the darker histogram. 



±20% variation in the contamination from qq events. The description of the SM 
expectations is cross-checked in several event generation programs, including the 
one commonly used for W~^W~ studies and one which implements the effect of 
anomalous QGCs. They are found to agree, and thus the anomalous contribu- 
tion can be simply added to the previous spectra by defining for each event 
a weight constructed as the difference between the matrix elements squared, 
TT = ME‘^{ao:) - M±;2(0). 

The effect of the anomalous couplings are parametrized by 



C ~ 



7T Ck Cb^ 



o. 



( 10 ) 



giving rise to new vertices from the operators with strengths Oc, oq, a-o 

and W^W ~ from an,a,n. These will change the cross-sections, with an in- 
crease of high energy photons, and consequently their effects are stronger for 
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higher centre-of-mass energies. The data is grouped according to the W~^W~ 
decay channels and in three centre-of-mass energy bins, and the photon energy 
distributions in each set is used in a likelihood fit to get the allowed ranges of 
each of these 5 parameters. The obtained results at 95% CL are: 

G [-0.063, +0.032] GeV“^ 
e [-0.020, +0.020] GeV"^ 
ao/A^ e [-0.020, +0.020] GeV'^ 
an/A"^ e [-0.18, +0.14] GeV^ 
a.n/A^ e [-0.16, +0.17] GeV“^ 

7 Conclusions 

DELPHI data with centre-of-mass energies ranging from 189 GeV to 209 GeV 
was analysed in the search for exotic couplings between known particles in a wide 
range of different final states. No evidence of new physics were found with all 
the results being consistent with the Standard Model expectations. The analysis 
of all those processes allowed to probe the Standard Model in detail and also 
its descriptions in specific phase space regions. Limits were set in many different 
new interactions, in some cases limiting the new physics to lay at a scale above 
10 TeV. 

When dealing with either precision measurements or searches for low cross- 
section effects, the integrated luminosity becomes a crucial parameter. Most 
of these analysis were also performed by the other three LEP collaborations 
(ALEPH, L3 and OPAL) and the combination of all the results will allow for 
more precise information to be extracted from the LEP data. 
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Abstract. Leptoquarks, bosons coupling to a lepton and a quark, appear in any ex- 
tensions of the Standard Model. These new particles could be observed in e“*“e~ in- 
teractions both by direct production and by indirect effects on known processes. The 
searches for leptoquarks performed by the OPAL collaboration at the LEP collider are 
presented. 



1 Introduction 

In the Standard Model (SM) quarks and leptons appear as formally indepen- 
dent components. However, they show an apparent symmetry in terms of the 
family and multiplet structure of the electroweak interactions. Some theories 
beyond the SM [1] therefore predict the existence of new bosonic fields, called 
leptoquarks (LQ), mediating interactions between quarks and leptons. The in- 
teractions of leptoquarks with the known particles are usually described by an 
effective Lagrangian that satisfies the requirement of baryon and lepton num- 
ber conservation and respects the SU(3)c 0 SU(2 )l (8) U(1)y symmetry of the 
SM [2, 3]. This results in nine scalar [S) and nine vector (V) leptoquarks which 
are colour triplets or antitriplets and are grouped into weak isospin triplets {Si 
and Vi), doublets {S 1 / 2 , *5i/2, V 1/2 and V 1 / 2 ) and singlets {So, So, Vo and A 
charge eigenstate within a multiplet will be referred to as a “state” and denoted 
by Si{Qem) or V/(Qem), where Qem is the electric charge in units of e. 

Under these assumptions, only the masses and the couplings to right-handed 
and left-handed leptons, denoted by Ar and Ap, remain free parameters, since 
the couplings to the electroweak gauge bosons are completely determined by 
the electric charge and the third component of the weak isospin, while the in- 
teractions with gluons are given by the colour charge. Each coupling can carry 
generation indices for the two fermions [3], so that couples a leptoquark to 
an generation lepton and a generation quark. The simplifying assumption 

^ In this note the notation used in [3] is adopted and a scalar multiplet of weak isospin 
I is denoted Si and a vector multiplet Vi . This is slightly different from the notation 
used in [2] where, on the contrary, the multiplets are denoted by their multiplicity, 
i.e. S' 27+1 or V 2 J+ 1 , and different symbols are used for leptoquarks with fermion 
number, F, equal to 2 {S, V) or 0 {R, U). 
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that only couplings within a single generation of leptons is usually made, so that 
three different generations of leptoquarks can be considered. The states with 
couplings both to right-handed charged leptons and left-handed neutrinos have 
an unknown branching ratio into a charged lepton and a quark, /?, depending on 
the relative values of the couplings, while for all the other states /? has a known 
fixed value. 

The properties of scalar and vector leptoquarks are shown in Tables 1 and 2 
respectively. 

In e"^e“ collisions leptoquarks could be directly produced both as a single 
resonance and in pair [4]. Moreover they could be seen by indirect effects in the 
process e"^e~ — > qq, generated by the exchange of virtual leptoquarks in the t- 
or u-channel [5]. 



2 The OPAL Detector 

The OPAL detector is described in detail in [6] . It was a multi-purpose apparatus 
having nearly complete solid angle coverage. The central detector consisted of 
a system of tracking chambers inside a 0.435 T solenoidal magnetic field as 
well as of two layers of silicon microstrip detectors [7] surrounding the beam- 
pipe. The tracking chambers included a high-precision drift chamber, a large- 
volume jet chamber and a set of 2 :-chambers measuring the track coordinates 
along the beam direction. A lead-glass electromagnetic calorimeter was located 
outside the magnet coil. The magnet return yoke was instrumented for hadron 
calorimetry. Four layers of muon chambers covered the outside of the hadron 
calorimeter. Close to the beam axis the forward calorimeter and gamma catcher, 
together with the silicon-tungsten luminometer [8] and the forward scintillating 
tile counter [9] , completed the geometrical acceptance down to 33 mrad from the 
beam direction. 

OPAL collected data since 1989 and until November 2000. In the first phase 
(LEPl, 1989-1995) the centre-of-mass energy, ^/s^ of the collisions between the 
e+ and e“ beams was kept around the peak corresponding to the mass, while 
during the second one (LEP2, 1996-2000) it was increased, in several steps, up 
to about 209 GeV. 



3 Searches for Leptoquarks 

3.1 Virtual Effects 

First generation leptoquarks coupling to electrons could give a contribution to 
the cross section of the process e“*"e~ qq via a t-channel (for leptoquarks with 
F=0) or u-channel (F=2) exchange diagram, shown in Fig. 1. This contribution 
has been calculated [5] and depends on the leptoquark mass and coupling to 
fermions. 
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Table 1. Quantum numbers and couplings for scalar leptoquarks. F = 3B + L is the 
fermion number which is a function of the baryon and lepton numbers B and L, Qem 
is the electric charge in units of e, /a is the third component of the weak isospin and 
(3 is the branching ratio of the decay to a charged lepton and a quark of any flavour. 
Under the assumption of non-zero couplings only within a single generation of leptons, 
u and d denote up- and down-type quarks of any generation respectively, and the same 
Table applies to second and third generation leptoquarks with the obvious substitutions 
e — > r. Generation indices are suppressed so that each coupling should be written as 
and in the last column is a shorthand for where i denotes the lepton 

generation and j the quark flavour. 
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The exchange of a leptoquark can modify the hadronic cross-sections and 
asymmetries so that, by a fit of the theoretical prediction including the presence 
of leptoquarks to the measured quantities, upper limits can be set on the A 
couplings as a function of the leptoquark mass, that is exclusion curves in the 
(Mlq, A) plane can be obtained. 

OPAL as a single experiment published results obtained by the analysis of 
the data collected at centre-of-mass energies up to 183 GeV [10]. A preliminary 
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Table 2. Same as Table 1, but for vector leptoquarks. 
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combination of the results obtained by the four LEP collaborations using the 
data at centre-of-mass energies up to 209 GeV was performed [11]. In these 
searches the assumption is made that also for leptoquarks with possible couplings 
both to left-handed and right-handed leptons *51/2, Vo and E 1 / 2 ), only one of 
these couplings can exist and not both at the same time. Examples of exclusion 
curves for couplings to second generation quarks, as obtained in [11], are shown 
in Fig. 2. The exclusion curves extend to values of the leptoquark mass much 
larger than the centre-of-mass energy and therefore beyond the kinematic limit 
for the direct production. These results complement the direct searches at LEP, 
HERA [12] and the Tevatron [13] in the region of large values of the A couplings. 



3.2 Single Production 

At e“^e~ colliders different diagrams are expected to contribute to direct single 
leptoquark production [4]. The more important contributions are shown in Fig. 3. 
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Fig. 1. Feynman diagrams for the process e“^e~ qq. The first diagram is the usual 
production channel within the Standard Model, while the second is the possible con- 
tribution given by the exchange of a leptoquark. 



In this process only first generation leptoquarks coupling to electrons could be 
produced and the cross-section is proportional to and thus sensitive to the 
unpredicted leptoquark-fermions coupling. After the production the leptoquark 
would decay into either an electron and a quark or into a neutrino and a quark, so 
that the main signature of single leptoquark events is one hadronic jet balanced 
in the transverse plane either by one isolated electron or by missing energy and 
momentum due to the neutrino escaping the detection. The particles arising 
from the hadronization of the other quark produced in the primary interaction 
would disappear along the beam pipe or add some activity in the forward region 
of the detector. 

Searches for events due to single leptoquark production have been performed 
using e“'"e“ collision events collected by the OPAL detector at centre-of-mass 
energies up to 209 GeV [14]. The data correspond to an integrated luminosity 
of 612 pb“^. The efficiencies of the selections used to identify possible single 
leptoquark events are shown in Table 3 together with the observed data and the 
background expected from the Standard Model. 



Table 3. Search for single leptquark production: the numbers of events observed in 
the data compared to the numbers of background events expected from the Standard 
Model by Monte Carlo simulation, in the possible leptoquark’s decay channels. The last 
column contains the detection efficiencies for single leptoquark events with leptoquark 
masses in the range between 80 and 200 GeV. 
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Fig. 2. Preliminary 95% confidence level limit on the coupling of leptoquarks to elec- 
trons and second generation quarks, here denoted by 5^12 and not by as a function 
of the leptoquark mass, as obtained by combining the data collected by the four LEP 
collaborations. The super-script L or R refers to the coupling to left-handed or right- 
handed electrons respectively. The horizontal solid lines correspond to A = V^Traem, 
Oem being the electromagnetic coupling, and the numbers above the lines are the mass 
lower limits corresponding to this value of the coupling. 



As no evidence of a signal was found, upper limits at 95% C.L. on the A 
couplings were set as functions of the leptoquark mass and the branching ratio 
of the decay into the different channels, under the assumption that only couplings 
to either left-handed or right-handed electrons, but not both at the same time, 
can exist. Examples of these limits are shown in Fig. 4 for some scalar and vector 
leptoquarks. 
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Fig. 3. The dominant Feynman diagrams contributing to single leptoquark production 
in e‘'"e“ interactions. 





niLQ (GeV) m^Q (GeV) 





m^Q (GeV) niLQ (GeV) 



Fig. 4. The 95% upper limits on the coupling constant A as a function of the leptoquark 
mass as derived from the search for leptoquark single production performed by the 
OPAL collaboration, for some scalar and vector leptoquarks. jde denotes the branching 
ratio of the decay into an electron and a quark. 
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3.3 Pair Production 

In principle, leptoquarks of all three generations can be pair-produced in e+e“ 
collisions, by 5-channel 7 or exchange and, in the case of first generation 
leptoquarks, by the exchange of a quark in the t- or it-channel [4]. These diagrams 
are shown in Fig. 5. 

The current upper limits on the couplings A to fermions are O{10~^) in 
the mass range kinematically accessible at LEP; this makes the t- or ix-channel 
contribution to the production cross-section of first generation leptoquarks (in- 
cluding interference between this channel and the 5-channel) less than 1% of 
the pure 5-channel contribution. Therefore only 5 -channel leptoquark produc- 
tion can be considered. Consequently, for a given state the cross-section depends 




Fig. 5. The Feynman diagrams for leptoquark pair production in e“^e interactions. 

Table 4. The numbers of events observed in the data are compared to the numbers of 
expected background events from the Standard Model, in the possible search channels 
for leptoquark pair events. The last column contains the detection efficiencies for signals 
with leptoquark masses in the range between 50 and 102 GeV. 



channel 


data 


Exp. Bkg. 


£(%) 






(MC) 


(Mlq = 50 ^ 102 GeV) 


e“^e“qq 


20 


12.8^11 


26-b56 


+ 

1 


4 


8.7ir| 


31^68 


r+r“qq 


37 


CO 

00 

b 

1 + 

b 


17^35 


e^z/qq' 


13 




9-b36 


lyqq' 


26 


24.511;^ 


11^43 


T^iyqq' 


35 


36.0li^ 


2^25 


z^z/qq 


28 


22.81^;^ 


9-b38 



Searches for Leptoquarks 1049 



Table 5. The 95% CL lower limits on scalar and vector leptoquarks masses, in GeV, 
as obtained from the search for events with pair-produced leptoquarks performed by 
the OPAL collaboration. f3 is the branching ratio into a charged lepton and a quark. 
Limits obtained by OPAL using LEPl data are marked with (*). 
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on the mass, the electric charge and the third component of the weak isospin, 
but is independent of the A couplings. 

After the production the leptoquarks would decay into a quark and a charged 
lepton or into a quark and a neutrino so that the following topologies are possible 
for events resulting from the decay of a leptoquark-antileptoquark pair : 

• Two hadronic jets and two neutrinos; it consists of the final states uiVlu^u^ 

and viVld^d^^ where I = and ^ d^ are up- and down-type quarks of 

the generation. 

• Two hadronic jets one neutrino and a charged lepton of the same generation 

d^). 

• Two hadronic jets one pair of oppositely charged leptons of the same gene- 
ration ^ l~^l~ d^ d^). 

The data collected with the OPAL detector at y/s between 189 and 209 GeV, 
corresponding to a total integrated luminosity of 596 pb“^, were analysed to se- 
arch for events with pair-produced leptoquarks of all three generations [15]. The 
results of the selections used to identify possible signal events are summarized 
in Table 4. 

No clear evidence for an excess with respect to Standard Model predictions 
and due to leptoquark pair production was observed in the data. Lower mass 
limits were set for scalar and vector leptoquarks under the assumption that, 
for each scenario, only one leptoquark state contributes to the cross-section. In 
the cases of 5'o(— 1/3), *Si/ 2 (— 2/3), Vo(— 2/3) and Vi/2(~l/3) the value of the 
branching ratio into a charged lepton and a quark, /3, is not predicted in the 
model. Therefore exclusion limits on the leptoquark mass are functions of /3. 

Table 5 summarizes the lower limits on the masses of all the leptoquark states 
obtained by this search. In some cases (S'o(— 1/3) and S'! (—1/3) states of third 
generation) no improvement was possible with respect the limits obtained by 
OPAL using LEPl data [16] because of the small cross section and the lower 
efficiency for the r^uqq channel. 



References 

1. J.C. Pati and A. Salam, Phys. Rev. DIO (1974) 275; 

E. Farhi and L. Susskind, Phys. Rep. 74 (1981) 277; 

B. Schrempp and F. Schrempp, Phys. Lett. B153 (1985) 101; 

J.L. Hewett and T.G. Rizzo, Phys. Rep. 183 (1989) 193; 

P.H. Frampton, Mod. Phys. Lett. A7 (1992) 559; 

J.L. Hewett and T.G. Rizzo, Phys. Rev. D58 (1998) 

2. W. Buchmiiller, R. Riickl and D. Wyler, Phys. Lett. B191 (1987) 442 

3. S. Davidson, D. Bailey and B.A. Campbell, Z. Phys. C61 (1994) 613 

4. J. Bliimlein and E. Boos, Nucl. Phys. (Proc. Suppl.) B37 (1994) 181 

5. J. Kalinowsky et al, Z. Phys. C74 (1997) 595 

6. OPAL Collab., K. Ahmet et a/., Nucl. Instr. and Meth. A305 (1991) 275 

7. S. Anderson et al, Nucl. Instr. and Meth. A403 (1998) 326. 



Searches for Leptoquarks 1051 



8. B.E. Anderson et ah, IEEE Transactions on Nuclear Science 41 (1994) 845 

9. G. Aguillon et a/., Nucl. Instr. and Meth. A417 (1998) 266 

10. OPAL Collab., G. Abbiendi et al, Eur. Phys. J. C6 (1999) 1 

11. The LEP Collaborations ALEPH, DELPHI, L3 and OPAL, 

the LEP Electroweak Working Group and the SLD Heavy Flavour Group 
‘‘A Combination of Preliminary Electroweak Measurements and Constraints on the 
Standard Model”, CERN-EP/2002-091 (December 2002) 

12. HI Collab., C. Adloff et al, Phys. Lett. B523 (2001) 234; 

ZEUS Collab., S. Chekanov et al, DESY-03-041 (March 2003), accepted by Phys. 
Rev. D 

13. CDF Collab., T. Affolder et al, Phys. Rev. Lett. 85 (2000) 2056; 

DO Collab., V.M. Abazov et al, Phys. Rev. Lett. 88 (2002) 191801 

14. OPAL Collab., G. Abbiendi et al, Phys. Lett. B526 (2002) 233 

15. OPAL Collab., G. Abbiendi et al, Search for pair-produced leptoquarks in e"*"e~ 
interactions at y/s 189 -j- 209 GeV\ 

CERN-EP/2003-021, Accepted by Eur. Phys. J. C 

16. OPAL Collab., G. Alexander et al, Phys. Lett. B263 (1991) 123 



Part XIII 



Gravitational Waves 



The Search for Gravitational Waves — 
Status and Perspectives 



Peter Aufmuth 

Max-Planck-Institut fiir Gravitationsphysik (Albert-Einstein-Institut) 
Universitat Hannover, Callinstr. 38, D-30167 Hannover, Germany 



Abstract. The existence of gravitational radiation is a prediction of Einstein’s theory 
of general relativity. Gravitational waves are perturbations in the curvature of spa- 
cetime caused by accelerated masses. Only astrophysical events (e.g., supernovae) or 
compact objects (e.g., black holes and neutron stars) produce detectable wave ampli- 
tudes. Since the 1960’s gravitational wave detectors are built and have constantly been 
improved. The present day generation of resonant mass antennas and laser interfero- 
meters has reached the necessary sensitivity to detect gravitational waves from sources 
in the Milky Way. Within a few years the next generation of detectors will open the 
field of gravitational wave astronomy. 



1 Introduction 

In Newtonian physics gravity is a force that acts immediately within the whole 
Universe. Gravitational waves do not exist in this theory. On the other hand 
they are a necessary consequence of all theories assuming that the gravitational 
interaction propagates with finite velocity. So Henri Poincare was the first to use 
this term ( ‘^onde gravifique”) when formulating a relativistic theory of gravity 
in 1905 [1]. 

In 1915 Albert Einstein published his theory of gravitation, general relati- 
vity. A few months later he predicted the existence of gravitational radiation 
propagating with the velocity of light [2]. When estimating the luminosity he 
came to the conclusion that in all conceivable cases only a virtually vanishing 
value results. 

It lasted half a century until Joseph Weber proposed several schemes for 
the detection of gravitational radiation [3] and finally decided on resonant-mass 
detectors (“Weber bars”). After Weber’s claim to have detected gravitational 
waves from the center of the Milky Way [4, 5] several other groups all over the 
world started with the construction of gravitational wave detectors. Unfortuna- 
tely, no other group was able to confirm Weber’s findings. Nevertheless, this was 
the starting point of an intense development of existing detectors and of new 
concepts (laser interferometers). 

These efforts have been greatly encouraged by astrophysical observations of 
the inspiral of the binary pulsar PSR 1913-1-16 [6]. The observed energy loss by 
means of gravitational waves of this neutron star double system corresponds with 
Einstein’s predictions within 0.3 % [7]. This is generally considered an indirect 
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proof of the existence of gravitational radiation in accordance with general re- 
lativity. At the beginning of the 21st century, after thirty years of development, 
gravitational wave detectors are close to their designed sensitivity. The direct 
observation of gravitational waves is to be expected within the next few years. 
This will open a completely new field of astronomy. 

This paper reviews the theory of gravitational radiation and the methods to 
detect it. Section 2 gives an account of the characteristics of gravitational wa- 
ves within the framework of the linearized theory of general relativity. In Sect. 
3 expected sources and signals are reviewed. Section 4 describes the physics of 
resonant-mass antennas and laser interferometric detectors, giving a detailed 
overview of the existing devices and of the planned second-generation gravita- 
tional wave detectors. In Sec. 5 the importance of gravitational wave astronomy 
is emphasized. 



2 Theory of Gravitational Waves 

2.1 Gravitation Is Geometry 

The theory of general relativity is Einstein’s metric theory of gravity [8]. In 
metric theories gravitation is not a force acting on space and time, it is a mani- 
festation of the geometry of spacetime; in the words of John A. Wheeler: “Matter 
tells spacetime how to curve and spacetime tells matter how to move.” [9] Thus 
the field equation has to link a quantity describing the distribution of matter and 
energy in the Universe (i.e. the energy- momentum tensor or stress-energy ten- 
sor Tik) with a quantity describing the curvature of spacetime (i.e. the Einstein 
tensor 



Gik — . 



( 1 ) 



Gik is given by the Ricci curvature tensor Rik and the Ricci curvature scalar 

R = Tv{R,k) [ 10 ]: 



Gik — ^ik c23ikFt . 



( 2 ) 



The constant k. is obtained by comparison with Newton’s theory. Hence follows 
the Einstein equation: 





(3) 



The metric tensor gik locally describes the geometry of spacetime and so 
affects the distance (= the line element ds^) between two spacetime events: 



3 

ds^ = ^ Qikdx^dx^ . 



(4) 
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In a sufficiently small neighbourhood of any spacetime event, in a locally freely 
falling frame, gik corresponds to the metric of flat spacetime, 77 ^^, and no gra- 
vitational effects are observable. The line element (or the metric) then has the 
form: 



d5^ = —c^dt^ -h dx‘^ -h dy‘^ -f dz‘^ . (5) 

2.2 Linearized Theory 

General relativity is a nonlinear theory, but because its effects are usually small 
one can use a linear approximation for the metric tensor: 

9ik — Vik hij^ (6) 

where hik represents a small perturbation with \hik\ <C 1. Linearized theory is 
correct to first order in the size of this perturbation. We then rewrite the field 
equation (3): 

^ - \gikT^ = - ( 7 ) 

Since hik has to be a symmetric tensor, it contains only ten independent com- 
ponents. Furthermore, there is considerable coordinate freedom in these compo- 
nents, so we can apply a gauge transformation (the Lorentz gauge, Div h = 0); 
this reduces the degrees of freedom to six. Then, to first order, neglecting quadra- 
tic and higher terms in hik, (7) becomes a set of decoupled linear wave equations: 

Dhik = (- ^ ^ + hik = -2KT*k . ( 8 ) 

In vacuum {Tik = 0) this reduces to the vacuum wave equation 

nhik = 0. (9) 

As in electrodynamics the solutions of (9) are plane waves: 

hik = ^ik sin(k • r - cjt + . ( 10 ) 

This solution can be further simplified, if we use a coordinate system that is 
comoving with the wave and if we demand the trace of h to be zero. This is called 
the “TT gauge” (TT == transverse-traceless). It leaves only two independent 
components out of the original ten. The metric tensor g of a plane gravitational 
wave propagating in 2 : direction is given by 



/-I 0 0 0\ 




/O 0 0 


0\ 


0 10 0 
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0 

+ 
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0 0 10 




0 hx — /i+ 
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\ 0 00 1^ 




^0 0 0 


0/ 



Qik — Vik T hik 



( 11 ) 



1058 Peter Aufmuth 



and /ix the amplitudes of the two polarization modes of a transverse 
wave. E.g., for pure + polarization {Axy = 0) we obtain: 

= Axx sin(A:z — ut) . (12) 

Such a wave produces a metric of the form: 

ds^ = —c^dt^ + (1 + h^) dx^ + (1 — ^+) + dz^ . (13) 

Thus describes a wave changing the proper distances between test particles 
in form of a pulsating ellipse whose main axes lie in x and y direction, while 
describes an ellipse whose axes are rotated by 45° (see Fig. 1). 







Fig. 1. The action of a gravitational wave of polarizations hx (upper part) and 
(lower part), resp., propagating in the 2 : direction, on a ring of test particles in the 
{x,y) plane. The circle with radius I is deformed into an ellipse with the main axes 
a = I ^ 61 and b = I — 61 



2.3 The Strength of Gravitational Waves 



As in electrodynamics, the radiation field of a mass distribution varying with 
time can be expressed through the contributions of its multipole moments. Since 
all the masses have positive sign there is no analog to dipole radiation. The metric 
perturbation in the wave zone (r > A/27 t) depends on the TT part of the mass 
quadrupole moment of the source. The quantity 




(14) 



is called reduced quadrupole moment, i.e. the traceless second moment of a mass 
distribution p{R{t)). The gravitational wave amplitude in the distance r to the 
source can then be written as 



h 



TT 

ik 






(15) 



This is Einstein’s quadrupole formula [11, 12]; hn^ is called amplitude (or strength 
or strain) of the gravitational wave. 
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The flux of energy carried away by a plane gravitational wave due to the 
time variations of the source quadrupole moment is given by [12] to be 



dt 





The gravitational wave amplitude is usually given as 

, 2Sl 



(16) 



(17) 



where 61 is the change in the proper distance I between two spacetime events 
(cf. Fig. 1). Often one gives the amplitude spectral density (or linear spectral 
density) instead, which is the square root of the power spectrum (or power 
spectral density): 



h = 




(18) 



Sh{f) gives the mean-square value of h at the frequency / within the bandwidth 
Af = 1 Hz. li h ^ const, then 

hy/Af = h. (19) 



The factor 2Gjc^ = 1.6 x 10“'^^ s^/kg • m in (15) leads to very small values 
for the gravitational wave amplitude. Only compact cosmic objects with large 
accelerations and large quadrupole moments can compensate for this. But even 
in the most favourable case, a supernova explosion in the Milky Way at a distance 
of about 10 kpc, a strain h of merely 10“^^ results. Since this is a rare incident 
(about three events in a century), one has to be sensitive enough to observe 
other galaxies in our vicinity, e.g., in the Virgo cluster. Because this is 1000 
times further away than the center of the Milky Way, a detector sensitivity 
oi h 10“^^ is needed. This is the design sensitivity of the first- generation 
gravitational wave detectors. With the planned advanced detectors a sensitivity 
of 10“^^ is attainable. 

In contrast to these figures the luminosity of cosmic sources can be very large. 
In a typical supernova explosion about 1 % of the gravitational binding energy of 
a sun 10^^ J) is converted into gravitational waves. A supernova in the Milky 
Way produces a power density of about 10^ W/m^ of gravitational radiation at 
the Earth, i.e. a hundred times that of the electromagnetic radiation of the Sun. 
This corresponds to a flux of 10^^ gravitons/m^ • s. The small amplitude h follows 
from the fact that gravitons, like neutrinos, show a nearly negligible interaction 
with matter. 



2.4 The Nature of Gravitational Waves 

Gravitational waves are ripples in the fabric of spacetime itself. Like electroma- 
gnetic waves they are transverse and propagate with the velocity of light, but this 
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is all they have in common. Electromagnetic radiation is an incoherent superpo- 
sition of light from individual atoms or electrons with wavelengths much smaller 
than the source. Gravitational waves are generated by the bulk motion of mas- 
ses, they are coherent, and their low frequencies reflect the dynamical behaviour 
of their sources. Their spectrum ranges from 10“^^ Hz to 10 kHz. While electro- 
magnetic radiation is absorbed, scattered and dispersed by matter, gravitational 
waves show nearly no interaction with matter (as far as the linear approximation 
is valid) and are thus ideal carriers of information. They can give insight into 
the hidden regions of the Universe, obscured by dark clouds, or into the interior 
of a supernova explosion or the Big Bang. So we expect very different infor- 
mation from gravitational waves, complementary to that from electromagnetic 
observations. Our aim is to open a new field in observational astronomy [13, 14]. 



3 Gravitational Wave Astronomy 

Gravitational radiation plays an observable role in astrophysics even today. The 
dynamics of astronomical systems like cataclysmic variables or binary neutron 
stars can not be understood without the use of gravitational radiation in model- 
ling these systems [14]. This is very convincing indirect evidence, but as concerns 
the direct observation of gravitational waves one can only make guesses about 
most of the sources. Those that most likely could be seen by the first-generation 
detectors are binary stars, supernovae, pulsars, and the early Universe. We ex- 
pect all types of signals: bursts, periodic and quasi-periodic signals and a sto- 
chastic background radiation [15, 16]. 



3.1 Binary Star Systems 



Binary systems of compact objects (like neutron stars or black holes) emit gra- 
vitational waves. The simplicity of such a system makes it an ideal candidate 
for the detection and the evaluation of gravitational radiation. Often the orbital 
parameters are known from conventional astronomical observations, such as for 
PSR 1913+16. 

The amplitude for two neutron stars of masses Mi and M 2 in a circular orbit 
of radius R is 



h ~ 



R1R2 

rR 



( 20 ) 



where Ri = 2GMi/c^ is the Schwarzschild radius of M^. E.g., for two neutron 
stars with M = lA Mq at the centre of the Milky Way (r = 15 kpc) with 
R = 20 km and an orbital rotation frequency of 200 Hz, the resulting strain is 
h - 10-1^. 

The radiation of energy by the orbital motion causes the orbit to shrink. 
Thus the wave frequency increases with time (this is called a chirp) until final 
coalescence. If the components of a binary system have a mass above about 
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Fig. 2. Some typical sources of gravitational waves and the expected strain amplitu- 
des h. [17] Ground-based and space-borne detectors complement one another in the 
observation of gravitational radiation 



1 Mq, it will always chirp within one year. The quadrupole amplitude and the 
chirp rate depend on the chirp mass Mci 

Me = (21) 

where (jl is the reduced mass and M the total mass. Measuring the chirp time 
allows for deduction of the chirp mass. Then the distance to the source can be 
determined directly from (20). Coalescing binaries could allow to measure the 
Hubble constant within an accuracy of a few per cent. 

A considerable amount of gravitational radiation is emitted during the poorly 
understood plunge phase and the merger event. The predicted event rate per 
galaxy is about 10“^ per year. 

If the two binaries are massive black holes the frequency is much lower, but 
the amplitude is higher. The signal from two 10^ Mq black holes will have an 
amplitude 10^ times bigger than the signal from two 10 Mq holes at the same 
distance. The event rate for such coalescences is likely to be large, since it seems 
that the central core of most galaxies contains a black hole of at least 10^ Mq 
and merging galaxies are frequently to be seen. The event rate may be several 
hundred per year in the Universe. Observations of coalescing massive black hole 
binaries will provide unique insight into the behaviour of strong gravitational 
fields in general relativity [14]. 

3.2 Gravitational Collapse 

When a star has reached the endpoint of thermonuclear burning its core collapses 
to a neutron star or black hole depending on its mass (type II supernova) . If the 
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collapse is not symmetrical, emission of gravitational waves is to be expected 
as a burst signal with a timescale on the order of milliseconds. It is difficult 
to predict the waveform or amplitude released from this event. One expects 
about one event with h ~ every thirty years within the Milky Way. If the 

emitted energy is more than about 0.01 Mq then second-generation detectors 
should be able to see a few events per year from the Virgo cluster. The burst 
might be broadband, centred at 1 kHz, or it might be a few cycles of radiation 
at a frequency anywhere between 100 Hz and 10 kHz, chirping up or down [14]. 

Simulations of the supernova core collapse of a rotating star show characteri- 
stic patterns in the emitted gravitational wave signal (Fig. 3) displaying details 
of the course of this process [18]. The evaluation of the signals will give us a 
better understanding of the hydrodynamics of star matter. 




t [ms] 

Fig. 3. Evolution of the quadrupole wave amplitude Afo produced by an axisymmetric 
rotational core collapse. The infall ends with the core rebouncing at nuclear density, 
then follows a ring-down of the volume and surface oscillations. The polar collapse 
happens faster than the equatorial one because the core is flattened by rotation; this 
causes the splitting of the peaks [ 18 ] 



3.3 Spinning Neutron Stars 

Pulsars are rotating neutron stars with typical radii of ~ 10 km and masses of 

1.4 Mq. The rotation frequencies / range from fractions of Hz to thousands 
of Hz. If the star has an irregularity in the crust, a bump of mass m, then it 
will emit gravitational radiation with the frequency 2/; m may be as large as 
10~^ Mq. The amplitude depends on the ellipticity e (estimated to be < 10“^) 
and is believed to be smaller than 10~^® for nearby pulsars, but the signal can 
be integrated over long time intervals. 

Neutron stars in low-mass x-ray binary systems are accreting mass and an- 
gular momentum from their companion, so they should be spinning up. The 
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radiation of gravitational waves sets a limit to this process, so most of them are 
spinning at about 300 Hz [19]. 

If gravitational collapse (cf. Sect. 3.2) forms a neutron star spinning rapidly, 
then it may be followed by perhaps a year long emission of nearly monochromatic 
gravitational radiation. The spindown is caused by instabilities exciting normal 
modes (mainly r-modes) in the neutron star [20]. 



3.4 Cosmological Sources 



The Big Bang was the most violent event ever to create gravitational waves. 
Since these have travelled almost unimpeded through the Universe we expect a 
relic background of gravitational radiation. Whereas the cosmic microwave back- 
ground reflects the Universe at an age of 300000 years, gravitational waves were 
produced immediately after the Big Bang, at times < 10“^^ s. The following 
period of inflation produced strong metric perturbations by parametric ampli- 
flcation of quantum fluctuations converting them into real gravitational waves. 
String cosmology provides another scenario for primordial gravitational waves. 

Random gravitational waves are conventionally described in terms of their 
energy density Pgw(/) logarithmic frequency interval, instead of their mean 
amplitude /i, and are given as a fraction of the critical energy density pc (i-c. the 
closure density of the Universe) [21]: 



^gw(/) 



1 dpgw 
Pc d{lnf) 



( 22 ) 



One expects f^gw < 10“^; the lower estimate comes from simple infla- 

tion, the upper limit is given by cosmic nucleosynthesis. 

This random background will be detectable as another noise source. To be 
observed by a single detector it must be larger than the instrumental noise. 
For two detectors one can cross-correlate their output and detect noise that is 
smaller than the instrumental noise. Observing this background would be one of 
the most important results of gravitational wave astronomy. 

Stable millisecond pulsars are extraordinarily regular clocks. Measurements 
of timing irregularities caused by gravitational waves can also be used to set 
upper limits on background gravitational radiation [22] . 



4 Gravitational Wave Detectors 

After the pioneering work of Joseph Weber [3, 4] several groups all over the world 
started to build and develop gravitational wave detectors. Since the beginning 
of the 1970s prototypes of resonant mass detectors and of laser interferometers 
have been studied in order to obtain an understanding of the limiting noise 
sources and to develop techniques to improve the sensitivity to the required 
level. After thirty years of development gravitational wave detectors are close 
to their designed sensitivity. This Section reviews the existing operating devices 
and their performances [15, 23, 24]. 
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4.1 Resonant Mass Detectors 

A gravitational wave acts like a tidal force across an extended rigid object so 
that it will be streched and compressed. Resonant mass detectors use a high Q 
mechanical resonator, such as an elastic solid body of length (or diameter) /, 
whose resonance is excited by the gravitational wave. The response to a short 
burst gravitational wave is a displacement of the ends of the mass: 



for a mass of 1000 kg and I ~ Im. The response depends in a complicated way on 
all the internal forces of the rigid body, but for short-duration signals (23) is a 
good approximation. The elastic vibrations of the mass are measured by means 
of a transducer that converts the displacement into an electric signal, which is 
then amplified. Often the antenna is characterized by 



where /cTeff is the minimum detectable energy, j3 is the efficiency (or the cou- 
pling coefficient) of the transducer, i.e. the ratio between electrical energy and 
mechanical vibration energy, and Tn the noise temperature of the transducer. 
For a gravitational wave in the kHz range, 2 Tn = 10“^ K. For active transducers 
f3 can be larger than unity because of parametric amplification of the signal. 

The main sources of noise competing with the small amplitude (23) are: 

Thermal noise. This is due to the Brownian motion of the oscillator. The 
rms amplitude of vibration is found by setting the kinetic energy of the normal 
mode, M((5Z^)/2, equal to kTj2. At room temperature this leads to an amplitude 
of about 10“^® m, far larger than (5/gw One has to use resonators with a high 
quality factor Q (~ 10^) that are cooled down to T 0.1 K. For a signal of 1 ms 
duration one obtains: 



where /g is the resonance frequency. 

Sensor noise. Amplifiers introduce noise, this limits the detector sensitivity 
to frequencies near /g. The amplifier’s bandwidth should be at least Af ^ l/^gw 
where Tg^ is the duration time of the signal (about 1 ms for a typical gravitational 
wave burst). Present-day amplifiers have a bandwidth of IHz, but one hopes to 
extend this to 10 Hz or more. 

Quantum limit. According to the Heisenberg uncertainty principle, the zero- 
point vibrations of a bar with a frequency of 1 kHz have a rms amplitude 



5/gw ^ hi ^ 10 ^^m 



(23) 



Teff ^ (T/PQ) + 2Tn 



(24) 




(25) 




( 26 ) 
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Bar Detectors 

The first gravitational wave detectors were large cylindrical masses of aluminium. 
The wave excites the odd longitudinal vibration modes of the cylinder. Today, a 
typical bar consists of an aluminium alloy (A15056). It has a length I of about 
3 m, a mass M of about 1000 kg, and a resonance frequency /o of about IkHz. 
It is operated at the temperature of liquid helium. The vibrations are detected 
by means of a resonant transducer (e.g., a microwave cavity) coupled to a very 
low-noise dc SQUID amplifier. 




Fig. 4. Cross section of a cryogenic resonant bar detector (NIOBE [25]). The bar is 
suspended from a multi-stage vibration isolation system into a cryostat cooled by liquid 
helium. On the left hand side of the bar the transducer and a microwave amplifier can 
be seen 



The vibration amplitude of the bar is increased in the transducer by a factor 
yjM/m where M is the mass of the antenna and m the equivalent mass of the 
transducer. Bar and transducer act as two coupled oscillators in series, thus th e 
output signal appears at two sidebands f± — fo{l ± with = ^/mjM . 

Resonant bar detectors have been operating since many years. At present, 
they have a sensitivity /i ^ 4 x 10“^^ and a bandwidth Af ^ 1 Hz [26]. The 
projects in alphabetical order are: 

ALLEGRO 

is operated since 1991 by the Louisiana State University at Baton Rouge (Lou- 
isiana, USA). It is a 2296kg A1 antenna cooled at 4.2 K. The resonance fre- 
quencies are 895 and 920 Hz. The transducer is a mushroom shaped supercon- 
ducting inductive device. The magnetic signal is sent to a dc SQUID. After 
an upgrade of the transducer to a two-stage device in 2001/02, a sensitivity 
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oi h ^ 7.6 X 10 and a bandwidth of about 100 Hz is to be expected [27]. 
Homepage: http://gravity.phys.lsu.edu 

AURIGA 

is operated since 1997 at Legnaro (Padova, Italy). It is a 2230kg A1 antenna 
cooled at 200 mK. The resonance frequencies are 912 and 930 Hz. The stop forced 
by a vacuum leakage inside the cryostat in November 1999 was used to improve 
the performance of the detector by installing a two-mode transducer and a double 
stage SQUID together with new suspensions. The expected sensitivity is h ~ 
10“^^ [28]. Homepage: http://www.auriga.lnl.infn.it 

EXPLORER 

is operated since 1984 at CERN (Geneva, Switzerland) by the Rome Group. 
It is a 2270 kg A1 antenna cooled at 2.5 K. The resonance frequencies are 905 
and 921 Hz. The detector has performed long-term observations since 1990. In 
1999 the antenna was equipped with a new read-out, a rosetta-shaped resonator, 
allowing a very small gap (10 /im), and an advanced SQUID. Since May 2000 
EXPLORER has started to gather data with a sensitivity of h ^ 4.4 x 10“^^ 
and a bandwidth of 30 Hz [29] . 

Homepage: http:/ / www.romal.infn.it/rog/explorer/ 

NAUTILUS 

is operated since 1995 at Frascati (Italy) by the Rome Group. It is a 2260 kg 
A1 antenna cooled at 130 mK. Until 2002, the resonance frequencies were 908 
and 924 Hz. Now, the detector has just started running again tuned to 935 Hz, 
the frequency of a possible pulsar as the remnant of SN 1987A. Transducer and 
amplifier are the same as used for EXPLORER. The sensitivity is h ~ 2.5 x 
10-19 nautilus is equipped with cosmic ray detectors in order to study 
the interaction of cosmic ray showers with the bar via acoustic excitation [30]. 
Homepage: http: / / www.romal .infn.it / rog/nautilus / 

NIOBE 

is operated since 1993 at Perth (Western Australia). It is a 1500kg niobium 
antenna cooled at 4.0 K (see Fig. 4). The resonance frequencies are 695 and 
713 Hz. Here, the bar and the secondary mass are made of Nb instead of A1 as 
it has a higher mechanical Q. The vibrational state of the antenna is monitored 
by a superconducting microwave parametric transducer. The sensitivity is h ~ 
10-20 ^ 70 Hz bandwidth [25]. NIOBE had its last run in 2001. Homepage: 

http: / / www.gravity.uwa.edu.au /bar / 



Gravitational Waves 1067 



Spherical Detectors 

Since the 1990s spherical resonant-mass antennas have been investigated. Be- 
cause of their shape they have omnidirectional antenna patterns. If all five in- 
dependent fundamental quadrupolar modes of vibration can be monitored, they 
can do all-sky observations and determine directions as well as verifying detec- 
tions using coincidences between modes of the same antenna. 

MiniGRAIL 

is being built at Leiden University in the Netherlands. It is a 65 cm diameter 
sphere made of a CuAl(6%) alloy (i.e. bell metal) with a mass of 1150 kg. It 
has a resonance frequency of 3250 Hz and a bandwidth of about 230 Hz. The 
sphere is suspended from a seven-stage vibration isolation system. The antenna 
will operate at a temperature of 20 mK. The quantum-limited strain sensitivity 
is expected to be 4 x 10“^^ for bursts [31]. Homepage: http://www.minigrail.nl 
- Mario Schenberg is a similar spherical detector, being built at the Univer- 
sity of Sao Paulo (Brazil) [32] in collaboration with MiniGRAIL. Homepage: 
http://www.das.inpe.br/ graviton/ 

4.2 Laser Interferometers 

A gravitational wave changes the proper distance ds^ (13) between freely falling 
test masses, and it changes two perpendicular distances by the same amount 
J/gw, but with different sign (cf. Fig. 1), if the orientation of the test masses is 
optimum. If two beams of light travel these distances, the change in ds^ produces 
a phase shift between them: 



50gw = • (27) 

A Michelson interferometer (Fig. 5) is the perfect instrument to detect this phase 
change as a shift in the interference pattern at the output. A detector with an 
arm length I = 1 km responds to a gravitational wave of amplitude h = 10~^^ 
with 



2 • (5Zgw 10~^^m . (28) 

The advantage of laser interferometers compared to resonant detectors is the 
broad detection band, from about 10 Hz to 5 kHz [33]. 

In practice, the phase difference is monitored by a nulling method: One keeps 
the light returning from the two arms always 180° out of phase so that the output 
is a dark fringe. The error signals of the automatic control applied to the end 
mirrors to maintain the dark fringe are directly proportional to the action of the 
gravitational wave. The sensitivity depends on the arm length and the amount of 
light energy stored in the arms [34]. In order to increase the storage time, most 
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interferometers use Fabry-Perot cavities in the arms. Delay- line interferometers 
store the light by increasing the number of round-trips via multiple reflections (cf. 
Fig. 5). Both conflgurations are equivalent in sensitivity [34]. In order to exclude 
the influence of statistic and acoustic fluctuations in the air, the measurements 
have to be done in ultra-high vacuum, at a pressure of ~ 10“^^ Pa. 

The main sources of noise competing with the small amplitude (28) are: 

Seismic noise. External mechanical vibrations lead to displacements of the 
mirrors that are many orders of magnitude larger than the expected signal. 
Vibration isolation systems are a combination of active filters (piezo-electric 
actuators) and passive filters (alternate layers of steel and rubber) and a multi- 
stage pendulum suspension of the optical components [35]. A pendulum is a 
good mechanical filter for frequencies / above its eigenfrequency /o ; the damping 
factor is proportional to (/o//)^- By hanging the mirrors on pendulums of about 
0.5 m length, filtering above some 10 Hz is achieved with a quality factor of about 
10^ or 10®. Seismic noise is the limiting noise below about 10 Hz. 

Thermal noise. As with bar detectors. Brownian motion of the mirrors and 
excitation of the violin modes of the suspension can mask gravitational waves. 
The rms amplitude of surface vibration modes of the test mass is, at frequencies 
/ <C /o (with UJ = 27t/), 




Thus large masses M of a high-Q material (~ 10^) and cooling below 1 K is 
required. Notwithstanding, present-day interferometers are operated at room 
temperature. Mirror masses are designed to have principal vibration modes above 
5 kHz, and pendulum suspensions have frequencies at about 1 Hz - well outside 
the observing band of initial interferometers. Thermal noise is the limiting noise 
between 50 and 250 Hz. 

Shot noise. Photons arrive at random (with Poissonian distribution) at the 
photodiode causing random fluctuations of the light intensity, faking apparent 
fluctuations in the path difference: 

(30) 

where r] is the efficiency of the photodiode, A the wavelength and P the power of 
the laser light. With a sufficiently powerful laser one could in principle achieve 
arbitrarily small 51^^- In order to obtain h = rjP ~ IkW is required. - On 

the other hand photons carry momentum and thus exert random forces on the 
test mass leading to a displacement 

f h P \ 

this is radiation pressure noise. To minimize it requires small laser power in con- 
trast to the above said. The limiting strain sensitivity is /irp ~ therefore 
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the optimal output power can be as large as 1 MW for the present detectors [36] 
- far beyond the output of any continuous laser. Shot noise is the principal 
limitation to sensitivity for frequencies above about 250 Hz. 

Gravity gradient noise. Changes in the local Newtonian field act like tidal 
forces on a gravitational wave detector. This environmental noise comes from 
human activities, but also from atmospheric pressure changes, clouds, seismic 
density waves, and the surf of the Sea. These effects become dominant at low 
frequencies and are the primary reason why the detection of gravitational waves 
in the frequency band below 1 Hz must be done in space. 

Quantum effects. Shot noise is quantum noise, but there are other funda- 
mental effects like zero-point vibrations of mirror surfaces etc. The Heisenberg 
uncertainty principle AxAp > h sets a limit to the measurement of the position 
of a free mass. For the present-day detectors this corresponds to /iqu ~ 10”^^. 

Michelson-type gravitational wave detectors require a cw laser of unprece- 
dented stability and output power (see above). All the projects use a Nd:YAG 
laser in the form of a non-planar ring oscillator (NPRO). Pumped by laser di- 
odes, they exhibit a high overall efficiency; their good tunability allows efficient 
stabilization schemes. Today such a laser produces an output power of about 
IW at a wavelength of 1064 nm. This is amplified in a second laser resonator 
by inject ion- locking (master-slave scheme) [37] or in a master oscillator power 
amplifier (MOPA) to about 10 or 20 W. This light is coupled into one or two ring 
resonators (mode cleaners) preparing the TEMqo mode, with a power of about 

low. 

The high laser power needed inside the arms of the interferometer is achieved 
by means of a technique called power recycling. Using the ‘dark- fringe’ obser- 
vation mode (no light at the output port) means that all the light is reflected 
back to the input port, the whole interferometer acting as a low-loss mirror. If 
one places another mirror between the laser and the beam splitter, both mirrors 
form a resonant cavity adding coherently in phase the reflected light with that 
emerging from the laser. If the losses are lower than 1 %, a 10 W laser is enough 
to build up an effective power of 1 kW [38] . 

Five large laser interferometric gravitational wave detectors are in operation. 
The projects in alphabetical order are: 

GEO600 

is operated since 2001 at Ruthe, near Hannover (Germany). The British-German 
collaboration originally planned an interferometer with 3 km arm length, but 
due to lack of funding, only 600 m could be realized. GEO600 is the first de- 
tector to employ the technique of signal recycling to make up for the shorter 
arms. The idea is similar to that of power recycling: A gravitational wave with 
frequency /gw modulates the laser frequency /l, so that the signal has the fre- 
quency /s = /l 4= /gw- The laser light goes back to the input port where it can 
be recycled, but the signal sidebands are produced in anti-phase and leave at the 
output port. A correctly positioned additional mirror behind the output forms 
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a resonant cavity with the whole interferometer, enhancing the sidebands [38]. 
By changing the position of the mirror the interferometer can be tuned to a 
desired frequency where it is considerably more sensitive, in a smaller frequency 
band. This technique even leads to a moderate reduction of the quantum limit. - 
Another speciality of GEO600 is the monolithic suspension. Normally, the inter- 
ferometer optics are suspended on fine steel wires; because of friction this leads 
to additional thermal noise. In GEO600, the wires are fused-silica fibres welded 
to fused-silica pieces attached at the optics by hydroxide-catalysis bonding [39]. 
Homepage: http://www.geo600.uni-hannover.de 




Fig. 5. Optical layout of GEO600 as an example for a laser interferometric gravitational 
wave detector. On the left hand side the laser system (master oscillator and slave laser), 
then two mode cleaners for the spatial filtering of the laser beam, followed by the dual 
recycled Michelson interferometer with a four-pass delay line and output mode cleaner 



LIGO 

is operated since 2001 at two sites in the USA, at Hanford (Washington) and Li- 
vingston (Louisiana). At both sites an interferometer with 4km arm length has 
been built, at Hanford an additional one with 2 km in the same vacuum system. 
The two LIGO detectors are the best-placed for doing cross-correlation measu- 
rements for a random background of gravitational waves. The design sensitivity 
is h ^ 10~^^ within a frequency band between 40 Hz and 2 kHz [40]. Homepage: 
http://www.ligo.caltech.edu 

TAMA300 

is operated since 1999 at Tokyo (Japan). The 300m arm length interferometer 
has performed several succcessful data runs up to 1000 hours, exhibiting long 
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duty cycles. TAMA300 is, just as LIGO and Virgo, equipped with standard 
Fabry-Perot cavities in the arms, but not yet with power recycling. The sen- 
sitivity is ~ 10“^® within a frequency band between 200 Hz and 5 kHz [41]. 
Homepage: http://tamago.mtk.nao.ac.jp 

Virgo 

is operated since 2003 at Cascina, near Pisa (Italy). The French-Italian project 
has an arm length of 3 km. An elaborate seismic isolation system, the ‘super- 
attenuator’, consisting of six-stage pendulums, in conjunction with an inverted 
pendulum and an active isolation stage, will allow measurements down to fre- 
quencies of 10 Hz with a similar sensitivity as LIGO [42]. 

Homepage: http:/ / www.virgo.infn. it 

4.3 Future Detectors 
Resonant Detectors 

The physical parameters of the antenna (M, /, /o) and the thermodynamic tem- 
perature T are fixed within a given detector. Since h ~ y/TjMQ, significant 
improvements of bar detector sensitivity can be achieved by decreasing the el- 
ectronic noise and increasing the coupling (3 of the transducer to the SQUID, 
i.e. by increasing Q. Spherical detectors can have more mass, and thus a smaller 
quantum limit (26); for the original GRAIL project a CuAl sphere with a radius 
of 3 m and a mass of 100 1 was planned. This antenna could reach h 10“22 at 
IkHz if cooled down to 10 mK [43]. 

Interferometers 

The next generation of interferometric detectors will use high-power lasers 
(~ 200 W), massive mirrors of high-Q materials (e.g., sapphire) and cryogenic 
cooling. All-reflective topologies based on silicon substrates and diffractive beam 
splitters will eliminate thermal heating by absorption. Quantum non-demolition 
(QND) techniques and squeezed light can beat the quantum limit. Satellite mis- 
sions allow larger arm lengths (50000 km or 5 million km) and will thus open 
the mHz frequency band [44]. 

Advanced LIGO 

will rely on the existing facilities at the sites of Hanford and Livingston. The 
four-stage suspensions will be modelled after the GEO600 monolithic pendulum 
concept, with mirrors made from large substrates of sapphire. The GEO600 de- 
tuned signal recycling scheme will also be used. With a 180 W laser Advanced 
LIGO will have a sensitivity fifteen times larger than that of the initial LIGO 
detectors and thus observe a more than 1000 times larger volume of the Uni- 
verse [45]. One of the main purposes is the observation of cosmic background 
radiation. The first data run is scheduled for about 2009. 
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EURO 

is the future European detector funded by CNRS (France), INFN (Italy), MPG 
(Germany), and PPARC (UK). A cryogenic detector deep underground with 
large test masses (M ~ 100 kg) of silicon or sapphire is planned. In order to 
avoid absorption in the beam splitter or mirrors, all-diffractive optics will be im- 
plemented. With xylophone signal recycling a targeted search for known sources 
with higher sensitivity will be possible. EURO is scheduled for about 2010. 

LCGT 

(= Large Cryogenic Gravitational- Wave Telescope) will use ultra-cold mirrors 
with a super-attenuator suspension and a laser with 300 W output power. This 
Japanese project will be deep inside a mountain, next to the neutrino detector 
Super-Kamiokande. The ground noise is by nearly two orders of magnitude lower 
than that at ground level. The arm length will be 3 km. 




5x10® km 

Earth 



Fig. 6. Orbits of the three spacecraft of LISA, trailing the Earth by 20°; the LISA 
triangle is drawn one order of magnitude too large 



LISA 

(= Laser Interferometer Space Antenna) is a space mission allowing to inve- 
stigate the gravitational wave spectrum at very low frequencies (10“^ to IHz). 
The European Space Agency (ESA) and NASA have agreed to collaborate on 
a project consisting of three identical spacecraft, placed at the corners of an 
equilateral triangle with a side length of 5 million km (Fig. 6). This constella- 
tion is to revolve around the Sun in an Earth-like orbit, about 20° (i.e. roughly 
50 million km) behind the Earth. Each spacecraft has two separate lasers that 
are phase-locked so as to represent the beam splitter of a Michelson interfero- 
meter. The distances are measured from test masses (Au/Pt alloy cubes) freely 
floating within the spacecraft. For signals monitored over a considerable frac- 
tion of a year, the sensitivity is h ~ 3 x 10"^^. LISA is approved by ESA as a 
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cornerstone mission; launch is scheduled for 2011. Some of LISA’s essential tech- 
nologies are to be tested on board a “LISA Pathfinder” (or SMART-2) satellite 
in 2006 [46]. Homepage (NASA): http://lisa.jpl.nasa.gov/ - Homepage (ESA): 
http: / / sci.esa.int /home /lisa 

4.4 International Collaboration 

Gravitational wave detection forces all the groups worldwide to work together. 
Only a network of detectors provides accurate information on the observables 
and gives confidence in a claimed detection. The observables are the amplitude 
and polarization of the wave, h^{t) and hx{t)^ and the phase of polarization, 
0(t), further the direction on the sky, 0 and (f. This requires at least three 
detectors to extract all the information. 

IGEC 

(= International Gravitational Event Collaboration) was founded on July 4, 
1997. All the operating bar detectors participate in this collaboration. The goal 
of the IGEC is to standardize and simplify the data exchange between the groups 
and to maintain a continous discussion on the data and the analysis procedures. 
The results of the first analysis of the 1997-2000 data have been published [47]. 
Within these 1460 days, one detector was working for 90 % of the time; there were 
707 days with at least two detectors in simultaneous operation, 173 days with 
at least three detectors, and 26 days with at least four detectors. No statistical 
evidence for detected gravitational waves has been found. A new upper limit has 
been achieved for the rate of burst events from the Galactic Centre, since no 
signals above 4 x 10“^^ have been detected. 

LSC 

(= LIGO Scientific Collaboration) was founded in 1997 as a forum for orga- 
nizing research, publications and all other scientific activities in gravitational 
wave research. At present the LSC comprises about 450 scientists from LIGO, 
GEO600, and TAMA300. In the Fall of 2002 a common data run (SI) between 
all three LIGO detectors and GEO600 was undertaken consisting of 17 days of 
mostly uninterrupted operation [48]. With the detectors not yet being at the 
intended sensitivity level, the aim was rather to rehearse data acquisition and 
data analysis. Four types of analysis have been performed: 

• a search for the inspiral signal from binary neutron star mergers [49], 

• a search for continuous waves from a rapidly rotating pulsar [50] , 

• a search for short bursts of unknown origin, 

• and a search for the stochastic background of cosmological origin. 

In all cases new upper limits have been established. A second common data run 
(S2) between LIGO and TAMA300 was performed in the Spring of 2003. 
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5 Conclusion 

The present-day generation of gravitational wave detectors is close to the targe- 
ted sensitivity. First data runs have been performed and analyzed. Up to now, 
no gravitational waves have been detected, but better upper limits for astrophy- 
sical event rates and for the amount of radiation from expected sources have 
been obtained. With a bit of luck, the direct detection of gravitational waves is 
possible within the next few years. Otherwise, the second generation of advanced 
detectors will open the field of gravitational wave astronomy. This could bring us 
revolutionary insights into the Universe comparable to those wrought by radio 
and x-ray astronomy. 

Astronomical observations in recent years [51] have revealed that most of 
the Universe is composed of dark (exotic) matter (25 %) and of negative energy 
(70 %); baryons contribute only 5 % of the critical density. Thus by means 
of electromagnetic radiation at the most 5 % of the Universe can be studied. 
Gravitational wave detectors offer the only way to observe at least a part of this 
dark sector of our World. Furthermore, detecting the relic background radiation 
from the Big Bang offers the only possibility to obtain information on the very 
early Universe, about 10"^^ s after its beginning. This will allow to test, e.g., 
predictions from string theory. 



References 

1. H. Poincare: C.R. Acad. Sci. (Paris) 140, 1504 (1905) 

2. A. Einstein: Sitzungsber. Preuss. Akad. Wiss. Berlin 688 (1916) 

3. J. Weber: Phys. Rev. 117, 306 (1960) 

4. J. Weber: Phys. Rev. Lett. 22, 1320 (1969) 

5. J. Weber: Phys. Rev. Lett. 25, 180 (1970) 

6. R.A. Hulse, J.H. Taylor: Astrophys. J. 195, L51 (1975) 

7. J.M. Weisberg, J.H. Taylor: ‘The Relativistic Binary Pulsar B1913-f-16’. In: Radio 
Pulsars , ed. by M. Bailes, D.J. Nice, S.E. Thorsett, ASP Conf. Ser. CS-302 (2003) 
in press; astro-ph/0211217 

8. A. Einstein: The Meaning of Relativity , 5th edn. (Princeton University Press, 
Princeton 1955) 

9. C.W. Misner, K.S. Thorne, J.A. Wheeler: Gravitation (W.H. Freeman, San Fran- 
cisco 1973) 

10. R.M. Wald: General Relativity (University of Chicago Press, Chicago 1984) 

11. A. Einstein: Sitzungsber. Preuss. Akad. Wiss. Berlin 154 (1918) 

12. K.S. Thorne: ‘Gravitational radiation’. In: Three hundred years of gravitation , 
ed. by S. Hawking, W. Israel (Cambridge University Press, Cambridge 1987) pp. 
330-458 

13. C. Cutler, K.S. Thorne: ‘An Overview of Gravitational- Wave Sources’. In: General 
Relativity and Gravitation. Proceedings of the 16th International Conference , ed. 
by N.T. Bishop, S.D. Maharaj (World Scientific, Singapore 2003); gr-qc/0204090 

14. B.F. Schutz: Class. Quantum Grav. 16, A131 (1999) 



Gravitational Waves 1075 



15. B.F. Schutz, F. Ricci: ‘Gravitational Waves, Sources and Detectors’. In: 

Gravitational Waves , ed. by I. Ciufolini, V. Gorini, U. Moschella, P. Fre (Insti- 
tute of Physics, Bristol 2001) pp. 15-87 

16. K.D. Kokkotas: ‘Gravitational Wave Physics’. In: Encyclopedia of Physical Science 
and Technology, 3rd edn., vol. 7 (Academic Press, New York 2002) pp. 67-85 

17. S. Rowan, J. Hough: ‘Gravitational Wave Detection by Interferometry (Ground 
and Space)’, Living Rev. Relaltivity 3 (2000) 3 [Online article]: cited on 10 Sep 
2003, http://www.livingreviews.org/lrr-2000-3 

18. T. Zwerger, E. Muller: Astron. Astrophys. 320, 209 (1997) 

19. L. Bildsten: Astrophys. J. 501, L89 (1998) 

20. B.J. Owen, L. Lindblom, C. Cutler, B.F. Schutz, A. Vecchio, N. Andersson: Phys. 
Rev. D 58, 084020 

21. D. Babusci, S. Foffa, G. Losurdo, M. Maggiore, G. Matone, R. Sturani: ‘The Sto- 
chastic Gravitational- Wave Background’. In: Gravitational Waves , ed. by I. Ci- 
ufolini, V. Gorini, U. Moschella, P. Fre (Institute of Physics, Bristol 2001) pp. 
179-242 

22. R.W. Hellings, G.S. Downs: Astrophys. J. (Lett.) 265, L39 (1983) 

23. L. Ju, D.G. Blair: Int. J. Mod. Phys. D 5, 101 (1996) 

24. F. Ricci, A. Brillet: Ann. Rev. Nucl. Part. Sci 47, 111 (1997) 

25. D.G. Blair, I.S. Heng, E.N. Ivanov, M.E. Tobar: ‘Present Status of the Resonant 
Mass Gravitational Wave Antenna, Niobe’. In: Gravitational Waves , ed. by E. 
Coccia, G. Pizzella, G. Veneziano (World Scientific, Singapore 1998) pp. 127-147 

26. P. Astone: Class. Quantum Grav. 19, 1227 (2002) 

27. I.S. Heng, E. Daw, J. Giaime, W.O. Hamilton, M.P. Mchugh, W.W. Johnson: 
Class. Quantum Grav. 19, 1889 (2002) 

28. J.P. Zendri et ah: Class. Quantum Grav. 19, 1925 (2002) 

29. P. Astone et ah: Class. Quantum Grav. 19, 1905 (2002) 

30. P. Astone et ah: Class. Quantum Grav. 19, 1911 (2002) 

31. A. de Waard, L. Gottardi, G. Frossati: Class. Quantum Grav. 19, 1935 (2002) 

32. O.D. Aguiar et al.: Class. Quantum Grav. 19, 1949 (2002) 

33. P.R. Saulson Fundamentals of Interferometric Gravitational Wave Detectors 
(World Scientific, Singapore 1994) 

34. J. Mizuno: Comparison of optical configurations for laser-interferometric 

gravitational- wave detectors. Ph.D. Thesis, Universitat Hannover (1995); MPQ 
Report 203 

35. R. Abbott et al.: Class. Quantum Grav. 19, 1591 (2002) 

36. C.M. Caves: Phys. Rev. D 26, 1817 (1982) 

37. I. Zawischa et al.: Class. Quantum Grav. 19, 1775 (2002) 

38. B.J. Meers: Phys. Rev. D 38, 2317 (1988) 

39. B. Willke et al.: Class. Quantum Grav. 19, 1377 (2002) 

40. D. Sigg: Class. Quantum Grav. 19, 1429 (2002) 

41. M. Ando et al.: Class. Quantum Grav. 19, 1409 (2002) 

42. F. Acernese et al.: Class. Quantum Grav. 19, 1421 (2002) 

43. G. Frossati ‘A 100 Ton 10 mK Sperical Gravitational Wave Detector’. In: The 
Seventh Marcel Grossmann Meeting , ed. by R.T. Jantzen, G.M. Reiser (World 
Scientific, Singapore 1996) pp. 1477-1480 

44. G.M. Harry, J.L. Houser, K.A. Strain: Phys. Rev. D 65, (2002) 082001 

45. A. Weinstein: Class. Quantum Grav. 19, 1575 (2002) 

46. K. Danzmann, A. Rudiger: Rev. Mod. Astron. 15, 211 (2002) 



1076 Peter Aufmuth 



47. P. Astone et al.: Phys. Rev. D 68, (2003) 022001; astro-ph/0302482 

48. B. Abbott et al.: gr-qc/0308043, Phys. Rev. D, t.b.p. 

49. B. Abbott et al.: gr-qc/0308069, Phys. Rev. D, t.b.p. 

50. B. Abbott et al.: gr-qc/0308050, Phys. Rev. D, t.b.p. 

51. D.N. Spergel et al.: astro-ph/0302209, Astrophys. J., in press 



Part XIV 



Superheavy Elements 



Achievements and Perspectives in the Search 
for Super Heavy Elements 



Dieter Ackermann 

University of Mainz/Gesellschaft fiir Schwerionenforschung GSI, Planckstr. 1, 
D-64291 Darmstadt, Germany 



Abstract. The elements with the atomic numbers 107-112 have been synthesized and 
unambiguously identified at the velocity filter SHIP at GSI. The technique allowing for 
this successful experimental program is the combination of the detection of correlations 
between evaporation residues and subsequent a-decays with a powerful separator. The 
sensitivity limit of the set-up at GSI has reached the Ipb level. For systematic investi- 
gation in this region of extremely low cross section and to synthesize nuclei of higher Z 
this limit has to be pushed to even lower values. An extensive development program is 
pursued at SHIP in order to reach at least an order of magnitude lower cross sections. 
Apart from target cooling and separator development a super conducting GW linear 
accelerator is studied to reach this goal. To design a successful experimental program 
for the possible discovery of new elements the nuclear structure of the heaviest nuclei 
has to be understood as well as the reaction mechanism which leads to their production 
in heavy ion reactions. We have initiated series of systematic studies for both subjects. 



1 Introduction 

The search for superheavy elements, predicted close to the doubly magic nucleus 
298114 [1] - more recent theoretical results are found in [2, 3] - was a substantial 
motivation for the construction of the UNILAC and the velocity filter SHIP [4] at 
GSI in Darmstadt. To reach the “island of superheavy elements” in the beginning 
of the experimental work at SHIP in 1976 only one method seemed possible: 
to jump across the “sea of instability”. Although this method was tempting, it 
contained severe uncertainties. Decay properties of nuclei in the intended region, 
such as decay modes, decay energies and half-lives, were not known and could 
only be estimated on the basis of predicted mass excesses, shell effects, fission 
barriers etc., and were therefore extremely uncertain. The same held for the 
prediction of production cross sections using fusion-evaporation codes optimized 
to reproduce data in the region of known elements. Experiments, performed at 
SHIP, to produce superheavy elements in bombardments of ^^^Er with ^^^Xe or 
238 u with ^^Cu [5], as well as by the reaction '^^Ca + ^^^Cm [6] did not show 
positive results. It turned out to be more successful to approach the heavier 
elements step by step. Following the concept of “cold” fusion of lead or bismuth 
targets with medium heavy projectiles like Ar or ^^Ti, first applied successfully 
by Oganessian et al. [7], the SHIP group succeeded to produce and identify 
about 25 new isotopes with atomic numbers from Z— 98 up to Z=112. Mutual 
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interaction of experimental results and theoretical calculations led to a better 
understanding of their stability, while measured excitation functions allowed for 
a reliable empirical extrapolation of optimum bombarding energies and cross 
sections for In deexcitation channels. Continuous technical development pushed 
the sensitivity of the set-up down to a cross section value of about 1 pb. To 
proceed towards higher Z an extensive development program is being followed 
at present. Recently the synthesis of isotopes of the elements 114, 116 and 118 
has been reported at Dubna and Berkeley. The unambiguous assignment of those 
events, however, is not yet possible. An attempt to confirm the Berkeley results 
for element 118 at SHIP did not yield a positive result. A recent review on the 
discovery of the heaviest elements [8] gives a complete overview over the recent 
achievements in the field. A detailed description of the experimental set-up at 
GSI can be found there also. 



Synthesis and Identification of SHE at SHIP 
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Fig. 1. Separation, detection and identification of fusion reaction products with the 
velocity filter SHIP and the ER-a(-a) correlation method. As an example the first 
decay chain observed in the reaction ^°Zn -h ^°®Pb — > ^^^112 -|- In. 
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2 Synthesis and Identification of Superheavy Elements 

The identification of superheavy elements in heavy ion fusion reactions is ba- 
sed on two major ingredients: the separation of the fusion products in flight 
from the beam particles and the identification of the products via evaporation 
resxidue(ER)-a correlations. The velocity filter SHIP at GSI provides an optimal 
separation using the velocity difference between the faster beam and the slower 
fusion products in the fashion of a classical Wien-filter, via the comparison of 
crossed E- and B-fields - in the case of SHIP in a separated field configuration. 
The particles passing the velocity filter are then implanted in a position sensi- 
tive silicon strip detector set-up where position, time and energy of the fusion 
products and subsequent decays by a emission and spontaneous fission are re- 
corded. The Z- and A-identification of the starting point of those decay chains 
is unambiguously provided by the connection to known a emitters at the and 
of the decay sequence. In fig. 1 the method is illustrated for the example of the 
first decay chain, observed in the reaction ^^Zn -h ^^®Pb — > ^^^112 -h In in 1996 
(see below). A detailed description of the experimental techniques can be found 
also in ref. [9] . 

3 Excitation Functions 

Complete fusion reactions appear to be the most successful method for the pro- 
duction of transactinide nuclei. The formation cross section of a specific nuclide 
in a given reaction, however, is strongly dependent on the excitation energy E* 
of the compound nucleus, according to the relation E* = Ecm + Q (where Ecm 
denotes the energy in the center-of-mass system and Q the Q- value of the reac- 
tion), and thus on the bombarding energy Eiab = (nip -hmt)/mt x Ecm- Since 
maximum production cross sections are decreasing rapidly with increasing ato- 
mic numbers, the choice of the optimum Eiab is crucial for the production of 
the heaviest nuclei. Measured excitation functions for reactions of ^^^Pb, ^^^Bi 
targets with various projectiles producing heavy nuclei in the range Z=104 to 
112 are presented in fig. 2. Excitation energies were calculated using experi- 
mental mass excesses published by Audi and Wapstra [10] and values predicted 
by Myers and Swiatecki [11]. They were calculated for the center of the target 
using energy losses of the projectiles according to [12]. In all shown cases the 
cross section maxima are approximately centered between zero and the inter- 
action barrier according to the Bass model [13]. A detailed understanding of 
the reaction mechanism resulting in these exciation function has not yet been 
achieved. It is, however, together with the understanding of the nuclear struc- 
ture of the very heavy nuclei crucial as input knowledge for a successful program 
to extend the synthesis of new elements to higher Z and eventually to the re- 
gion of the spherical superheavy nuclei. Apart from the study of the fusion and 
the fusion/fission excitation function, the study of partial wave distributions 
seems promising [14]. For the location of this region of stable nuclei recent self- 
consistent models like Skerm-Hartree-Fock (SHF) and Relativistic Mean Field 
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(RMF) calculations predict proton numbers 114, 120 and 126 and besides the 
classical neutron number 184 also N==172 [15]. The predicted shell correction 
energies show more or less shallow regions of shell-stabilised nuclei rather then 
long isotopic chains of pronounced shell gaps. 




Fig. 2. Measured excitation functions for Z=104 to 112. Cross sections are plotted 
as a function of the excitation energy (left panel) and the excitation energy lowered 
by the neutron binding energy according to Meyers and Swiatecki [11] for the various 
evaporation channels (right panel). The continuous curves are Gaussian fits through 
the data points, the dashed curves are interpolations. The arrows in both mark the 
interaction barriers of the reaction according to the Bass model [13]. 
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4 Recent Results on the Synthesis of Heavy Elements with 
Z=110-112 at GSI 

The elements with Z=107-112 have been synthesized and unambiguously iden- 
tified at SHIP. The elements 107-110 have already been named and have been 
entered as bohrium (Bh, Z=107), hassium (Hs, Z=108), meitnerium (Mt, Z=109) 
and darmstadtium (Ds, Z=110) in the periodic table of elements. The properties 
found for the elements Ds, 111 and 112 are presented in this section. 




Fig. 3. The two decay chains for the ^°Zn -h ^°®Pb observed in the first experiment, 
February 1996, (left chain) and in the confirmation experiment performed in May 2000. 



A linear extrapolation of the optimum excitation energies for the production 
of ^^^Rf and ^®^Hs (see fig. 1) resulted in an ’optimum’ value of E* = 12.3 MeV 
for the production of ^®^Ds via the reaction ^^Ni + ^®^Pb. In an experiment 
in November 1994, where a total projectile dose of 2.2 x 10^^ was collected, 
three o-decay chains were observed, which were attributed to the isotope with 
the mass number 269 of the new element Ds [16]. The assignment was based on 
the observation that the a-decays directly preceded the well established a-decay 
chain of ^®^Hs and, therefore, have to origin from the a-mother ^^^Ds. From the 
measured decay data an average decay energy of E = (11.112±0.020) MeV and 
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a half-life of T 1/2 = (ITOlgQ^) //s was obtained. The production cross section 
was cr = pb. 

Since it was empirically found for the region of transfermium nuclei that 
more neutron rich projectiles lead to higher formation cross sections, one could 
expect for the combination ^^Ni -h ^^®Pb a still higher ER cross section than for 
®^Ni -h ^°^Pb. In a directly following experiment in November/December 1994 
the ER production by the reaction ®^Ni -h^^^Pb was investigated at E* = (8-13) 
MeV. Nine a-decay chains observed in this experiment could be attributed to 
^^^Ds. A maximum cross section of a = (15^^)pb was measured at E* = 12.1 
MeV. Details of the decay chains can be found in ref. [19]. 

In an experiment in October 2000 we observed in the reaction ^^Ni-h^^^Pb 
eight decay chains of correlated ER-a-fission events which we attribute to the 
decay of the new isotope ^^^Ds. Also the daughter and grand daughter products 
^^^Hs and ^^^Sg had not been observed before. Here the production cross sec- 
tion remained surprisingly high as compared to the more neutron rich ^^^Ds at 
13±5 pb. Moreover, from the measured decay data hints for interesting nuclear 
structure properties could be deduced (see below). 

On the basis of these encouraging results for the synthesis of darmstadtium 
in the reactions -h ^^^Pb the production of an isotope of element 111 by 

the reaction ®^Ni -h ^^^Bi was undertaken in an experimental run in December 
1994. Three bombarding energies at 10.0 MeV, 11.6 MeV, and 13.0 MeV were 
chosen using the predicted mass excess of [11] for the compound nucleus ^^^111 
excitation energies. Projectile doses of 1.0x10^^ at E* = 10.0 MeV, 1.1x10^^ 
at E* = 11.6 MeV and 1.1x10^^ at E* = 13.0 MeV were collected. While no 
decay chain that could be attributed to ^^^111 at E* = 10.0 MeV, one event was 
observed at E* = 11.6 MeV, and two events at E* = 13.0 MeV [17], referring 
to a cross section of cr = 3.512*3 P^* series of experiments performed 

in October 2000 we also confirmed the synthesis of ^^^111 observing additional 
three decay chains of this isotope. 

In early 1996 the search for element 112 was undertaken using the projectile 
target combination ^°Zn -h ^®^Pb. A total projectile dose of 3.4x10^^ was collec- 
ted. Following the systematics on optimum excitation energies a bombarding 
energy corresponding to E* = 10.1 MeV was chosen. One decay chain which 
could be attributed to ^^^112 was observed, the resulting production cross sec- 
tion was cr = (0-37 q If) pb. In a recent experiment in May 2000 a second decay 
chain of ^^^112 has been recorded. It is shown together with the first two chains 
in fig. 3. This latter chain has been observed at an excitation energy of about 2 
MeV higher at E* = 12 MeV. During an irradiation time of 19 days a total of 
3.5x10^^ projectiles were sent onto the target. The resulting cross section at this 
energy is (0.491J*4 q) pb. This value fits well into the cross section systematics 
shown in fig. 2. The first two a decays have energies of 11.17 and 11.20 MeV, 
respectively. They are succeeded by an a of only 9.18 MeV, an energy step of 2 
MeV. Correspondingly, the lifetime increases by about five orders of magnitude 
between the second and third a decay. This decay pattern is in agreement with 
the one observed for the chain in the first experiment and supports the expla- 



Achievements and Perspectives in the Search for Super Heavy Elements 1085 

nation of a local minimum of the shell correction energy at neutron number N 
= 162, which is crossed by the a-decay of ^^^Ds. The a energy of 9.18 MeV for 
^®^Hs is within the detector resolution identical to the one observed in the first 
chain. A new result is the occurrence of fission ending the new chain at for 

which fission was not observed so far, but is likely to occur taking into account 
the high fission probabilities of the neighbouring isotopes. For more details see 
ref. [8]. An experiment performed at GSI in April/May 2001 and designed to in- 
vestigate the chemical properties of Hs confirmed these findings. Ch.E. Dullmann 
et al. [22], employing the reaction ^^Mg -t- ^^^Cm, observed in the decay chain 
of the 5n-evaporation channel which enters our ^^^112 decay sequence at ^^^Hs 
both, a fission and an a-decay branch. 




Fig. 4. Measured cross-sections and cross-section limits for reactions using ^°®Pb and 
^^^Bi targets and one neutron evaporation (a), and for reactions using actinide targets 
and four neutron evaporation (b). 



In fig. 4 the cross section systematics for In evaporation (^^®Pb,^^^Bi targets) 
and 4n evaporation (actinide targets) channel fusion reactions is compared. The 
fitted slopes show a decrease by factors of 4 and 10, respectively. Whereas for 
the In reactions no deviation from the steep decrease of the maximum cross 
section with increasing Z is observed, the Dubna-Livermore group found for 
the 4n-reactions cross-section values which remain rather constant around the 
1-pb-level for Z=114 and 116 [24, 25]. The in these cases missing connection 
to a-decays of known isotopes, however, calls for confirmation, employing new 
experimental techniques and systematic measurements. 
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Pig. 5. Part of the chart of nuclei from Z= 100- 105 with the studied nuclei indicated 
by shaded squares [27]. 



5 Nuclear Structure of Heavy Nuclei 



The nuclear structure of heavy nuclei with Z>82 is interesting in itself as many 
interesting features, like e.g. isomers, shape transitions and shape co-existence, 
are expected and found in this region. One recent example is the hint for a K 
isomer in ^^^Ds we reported recently [20]. A total of eight decay chains was 
observed which could be attributed to two different half lives, 0.15 ms and 8.6 
ms, respectively. Together with the systematics of a-decay energies and a 218 
keV 7 -ray measured in coincidence to one of the emitted a-particles, this was 
interpreted as the contemporaneous population of the ground state and of an K 
isomer. Support for this interpretation was provided by theoretical calculations 
which predict spin and parity values of 8“^, 9“ or 10“ [21]. This is one example 
for the rich variety of nuclear structure effects which makes this type of studies 
interesting for its own right. On the other hand, the detailed understanding of 
nuclear structure and its development in the vicinity of closed shells, and towards 
heavier masses and higher Z is a necessary ingredient for a successful progress 
in the synthesis of new heavy elements. We have applied the technique of a fine 
structure and a -(n )-7 spectroscopy to study several radium isotopes (A=209- 
212) [23], neutron-deficient nuclei with Z=86-92 [26] up to the isotopes 252, 253]^^,^ 
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Fig. 6. Design study of a continuous wave (CW) linac consisting of an ECR ion 
source a normal conducting injector part and a superconducting section based on a 
CH structure presently under investigation by the Ratzinger et ah, Universitity of 
Frankfurt, Germany. 



^^^Rf and 256,257p)|^ The latter (heaviest) ones are indicated in fig. 5 with 
their decay properties in an excerpt of the chart of nuclides. 



6 Technical Development at SHIP 

The three areas presently under technical investigation at SHIP are: 

• beam development 

• target development 

• background reduction. 

To access a region of lower cross section the number of interactions and, 
therefore, the number of projectiles has to be increased. The UNIT AC at GSI 
delivers the beam with a duty cycle of about 28%. Apart from raising the beam 
current, the use of an accelerator with 100% duty cycle (DC) would already 
provide a factor of 3.5 higher in beam intensity. To this goal a project for a 
new CW-linac is presently under development. Together with a high frequency 
(28 MHz - 40 MHz) ECR ion source, it is expected to provide integral beam 
currents of at least one order of magnitude higher then what is at the moment 
achievable. The accelerator configuration, presently under investigation by the 
group of Ratzinger et al. at the University of Frankfurt, Germany, consists of 
a high frequency ECR ion source, a normal conducting RFQ/IH injector and 
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a superconducting section section based on a CH structure. A design study of 
this project is shown in fig. 6. It will provide dc beams with 1 < A/q < 7 
in an energy range from 4 MeV/u to 7.5 eV/u and an energy definition of 
^^beam < ±3 keV/u. The increased beam current, together with a higher Z 
of the projectiles in some cases, asks for measures to protect the Pb and Bi 
targets, both having low melting points at 600.6 K and 544.5 K, respectively. 
A first step is to spread the beam as homogeneous as possible over a maximum 
achievable target area. The planned introduction of ion optical elements like 
octupole magnets in the UNILAC beamline will help to approach the desired 
optimum of a rectangular beam profile illuminating the target as uniformly as 
possible. Besides those “passive” measures also an “active” target cooling is now 
under development. A set-up providing a gas jet blown onto the spot where the 
beam hits the target is currently being developed. Already the introduction of gas 
in the target volume at moderate pressure values around 1 mbar allows for beam 
currents higher by a factor 2-3. Chemical compounds of Pb or Bi with higher 
melting temperatures have been successfully tested. The metallic targets have 
now been replaced by PbS and Bi 203 with melting points at 1400 K and 1090 K 
, respectively. The higher projectile rate required for a successful investigation 
of reactions with lower cross section will have as a consequence an increase of 
background per time unit. To improve the background suppression we test the 
use of foils to stop scattered beam particles which pass SHIP with low kinetic 
energy. Particles with higher energies are suppressed using a defiection magnet 
just before the detector set-up. For future background conditions the defiection 
angle of this magnet could be adjusted. With all those measures and an increase 
of the beam intensity from presently 3x10^^ particles s~^ to 3x10^^ particles 
s“^ a cross section regime of one order of magnitude lower than the present limit 
could be reached. 



7 Summary and Outlook 

The synthesis of heavy elements using cold fusion has shown a constant steep 
decrease with element number down the present detection limit of about 1 pb. 
A deviation from this trend was observed in Dubna for ^^Ca induced reactions 
on actinide targets. These results, however, still need confirmation. To extend 
the synthesis of heavy elements to higher atomic numbers an extensive pro- 
gram including target and beam development is underway in order to push the 
sensitivity limit of the experimental set-up down by an order of magnitude. Con- 
temporaneously systematic investigations of the structure of very heavy nuclei 
and the reaction mechanism governing the process of fusion and survival against 
fission are pursued. Together with the already achieved results this will yield va- 
lid input data for the more and more sophisticated models. With an increasing 
understanding of the properties of the very heavy nuclei one can hope to better 
localise the region of the spherical superheavy nuclei and to favour the experi- 
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memtal approach to it. High currents of stable beams and radioactive beams are 
options for the future. 
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Abstract. This paper presents results of experiments aimed at producing long-lived 
superheavy elements located near the spherical shell closures with Z >114 and N >172 
in the reactions of neutron-rich isotopes ^^^Pu, and ^^^Cf with '^^Ca projec- 

tiles. The decay properties of the synthesized nuclei are consistent with the consecutive 
a-decays originating in the decays of parent nuclides ^^^114, 290 , 291 , 293^^^0 ^^^118 

produced in the 2n and 3n-evaporation channels. The present observations can be 
considered to be experimental evidence of the existence of the “island of stability” of 
super heavy elements. 



1 Introduction 

The stability of heavy nuclei is largely determined by nuclear shell structure 
whose influence is considerably increased near closed proton Z and neutron 
N shells. Beyond the domain of the heaviest known nuclei the macroscopic- 
microscopic nuclear theory predicts the existence of an “island of stability” of 
long-lived superheavy elements. Calculations performed over more than 35 years 
with different versions of the nuclear shell model predict a substantial enhan- 
cement of the stability of heavy nuclei when approaching the closed spherical 
shells Z—W^ and ^=184. Neutron and proton shell closures are expected to 
occur there, resulting in formation of spherical superheavy nuclei, next to ^®^Pb 
(Z=82 and iV=126). 

However, more generally, enhancement of nuclear binding energy can be ob- 
served also in deformed nuclei, in particular, in the theoretically predicted in- 
termediate region of increased nuclear stability in the vicinity of the deformed 
shell closures Z=108 and ^=162 (see, e.g., reviews [1-3]). These predictions 
were corroborated by the experimental observation of a new region of nuclear 
stability near Z=108 and V=162 [4] and synthesis of the heaviest elements up 
to Z=112 [5]. These results gave more credibility to the predicted existence of 
spherical superheavy elements, thus opening prospects for the production of the 
heaviest nuclei and the study of their physical and chemical properties [6] . 
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Superheavy nuclei close to the predicted magic neutron shell A^=184 can 
be synthesized in complete fusion reactions of target and projectile nuclei with 
significant neutron excess. With the doubly magic ^^Ca projectile, the resulting 
compound nuclei should have an excitation energy of about 27-33 MeV at the 
Coulomb barrier. Correspondingly, nuclear shell effects are still expected to per- 
sist in the excited nucleus, thus increasing the survival probability of the evapo- 
ration residues (EVRs), as compared to “hot fusion” reactions (E* ^^45 MeV), 
which were used for the synthesis of heavy isotopes of elements with atomic 
numbers Z=106, 108 and 110 [4]. Additionally, the high mass asymmetry in the 
entrance channel should decrease the dynamical limitations on nuclear fusion 
arising in more symmetrical reactions [7]. 

In spite of these advantages, previous attempts to synthesize new elements 
in ^^Ca-induced reactions with actinide targets gave only upper limits for their 
production [8] . In view of the more recent experimental data on the production 
of the heaviest nuclides (see, e.g., [4-6] and Refs, therein), it became obvious that 
the sensitivity level of the above experiments was insufficient to reach the goal. 
Our present experiments with the ^'^'^Pu-h^^Ca, ^^^Cm-h^^Ca, ^"^^Cm-h^^Ca, and 
249cf_^48ca reactions were designed to attempt the production of elements 114, 
116 and 118 at the picobarn cross-section level, thus exceeding the sensitivity of 
the previous experiments by at least two orders of magnitude. 



2 Experimental Technique 

A beam of ^^Ca ions was delivered by the U400 cyclotron at FLNR, JINR. 
The typical intensity of the continuous ion beam on the target was 1 pfiA. 
The beam energy was determined with a precision of ^^1 MeV by measuring the 
energies of scattered ions, and by a time-of- flight technique. The rotating targets 
contained the enriched isotopes ^"^^Pu (98.6%), (98.7%), (97.4%), 

and 249 q£ (^97 3 % j deposited onto 32-cm^ of 1.5-/xm Ti foils to a thickness of 
^0.35 mg cm~^. 

The evaporation residues recoiling from the target were spatially separated 
in flight from the beam, scattered particles and transfer reaction products by 
the Dubna Gas-filled Recoil Separator (DGFRS) [9] consisting of a dipole ma- 
gnet and two quadrupole lenses. The recoils passed through the hydrogen-filled 
volume of the separator (1 Torr), a Mylar window (~1 /im), then through a time- 
of- flight (TOF) system filled by pentane (~1.5 Torr), and were finally implanted 
in the focal-plane detector array. The transmission efficiency of the separator for 
^=114-118 nuclei was estimated to be about 35-40% [9]. 

The focal-plane detector consisted of three 4x4 cm^ silicon detectors, each 
with four strips having position sensitivity in the vertical direction. To increase 
the detection efficiency for full-energy a’s, we arranged 8 detectors without po- 
sition sensitivity in a box surrounding the focal-plane detector. Employing side 
detectors increased the a-particle detection efficiency from 53% to 87%. A set 
of 3 similar “veto” detectors was mounted behind the detector array in order to 
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eliminate signals from low-ionizing light particles, which could pass through the 
focal-plane detector (300 fim) without being detected in the TOF system. 

Alpha-energy calibrations were performed using the a peaks from nuclides 
produced in the bombardments of ^"*Yb and enriched 204,206-208p|^ targets with 
^^Ca ions [10]. The energy resolution for the detection of a-particles in the focal- 
plane detector was keV at the beginning of the experiments and about 
60 keV after a total beam dose of 5x10^^ ^®Ca projectiles was delivered to the 
targets. For a’s escaping from the focal-plane detector at different angles and 
absorbed in the side detectors, the energy resolution was ^190 keV because of 
energy losses in the entrance windows and dead layers of both detectors and the 
pentane. The FWHM position resolutions of the signals of correlated decays of 
nuclei implanted in the detectors were 0.8 mm and 0.6 mm for EVR-a and EVR- 
SF signals, respectively. Fission fragments from ^^^No implants produced in the 
206pb_|_48ca reaction were used for a fission-energy calibration. The measured 
fragment energies were not corrected for the pulse-height defect of the detectors, 
energy loss in the detectors’ entrance windows, dead layers, or the low-pressure 
pentane gas filling the detection system. The mean sum energy loss of fission 
fragments for ^^^No was about 20 MeV. 



3 Experimental Results 

The ^"^"^Pu-h^^Ca bombardments were performed in Nov.-Dee., 1998, and June- 
Oct., 1999 [11]. A total of 1.5x10^^ ^^Ca projectiles of energy ~236 MeV was 
delivered to the target. Taking into account the energy losses in the target and 
the overall beam energy and target thickness variations, we expected the resul- 
ting compound nuclei ^^^114 to have excitation energy range E* =31.5-39.0 MeV. 

According to the concept of the “island of stability” of superheavy elements, 
as long as any a-decay chain leads to the edge of the stability region, it should be 
terminated by SF [12]. Two such SF events were observed in strips 2 and 8 [11]. 
The full decay chains including these two fission events are shown in Fig. 1. 
The calculated probabilities that both these decay sequences were caused by the 
chance correlations of unrelated events at any position of the detector array and 
at the positions in which the candidate events occurred are less than 5x10“^^. 

The formation of the nuclei which initiated the observed decays resulted 
from instantaneous ^^Ca beam energies of 237.6 and 237.0 MeV in the middle of 
the target, corresponding to excitation energy ranges £^*=33.6-39.7 and (33.2- 
39.1) MeV [13] for the compound nuclei, respectively. This would favor 

de-excitation of 292^x4 | 3 y evaporation of 3 or 4 neutrons, which leads to the 
nuclei ^^^114 or ^^^114, respectively. The detected sequential decays have T 1/2 
vs. Ec values that correspond well to the allowed a-decays of the isotopes of 
elements 114 and 112. To illustrate this. Fig. 1 presents the expected half-lives 
corresponding to the measured o-particle energies for the genetically related 
nuclides with the specified atomic numbers. For the calculation of half-lives with 
given Qct values, the formula by Viola and Seaborg with parameters fitted to the 
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30.6 mm 11.5 mm 



Fig. 1. Time sequences in the observed decay chains. The expected half-lives corre- 
sponding to the measured E« values for the given isotopes are shown in parentheses 
following the measured lifetimes. Positions of the observed decay events are given with 
respect to the top of the strip. 



To, values of 65 known even-even nuclei with Z >82 and TV >126 has been used. 
The measured total deposited energies for both fission events exceed the average 
value measured for ^^^No by about 40 MeV, which also indicates the fission of 
a rather heavy granddaughter nucleus. 

From the above considerations, one could conclude that the detected decay 
chains originate from the parent even-even nuclide ^^^114. However, in recent ex- 
periments we have measured excitation functions of the reactions ^^"^Pu (^^Ca, 3- 
5n) [14]. In these series of experiments we chose the bombarding energies for 
^^Ca ions of 243, 250 and 257 MeV in the middle of the target. With the beam 
energy resolution, small variation of the beam energy during irradiation and 
energy losses in the target, we expected the resulting compound nucleus ^^^114 
to have excitation energy ranges of Z\£'*=(38. 9-43.0) MeV, (44.9-49.0) MeV and 
(50.4-54.7) MeV [13], respectively. Corresponding accumulated beam doses were 
4.0x10^^, 3.1x10^^ and 2.9x10^®. At the "^^Ca energy of 243 MeV we observed 
two decay chains each consisting of two consecutive a decays terminated by SF. 
Identical decay chains were previously discovered in the same reaction at lower 
energy of 236 MeV [11]. One more event of this type was detected at the beam 
energy of 250 MeV. In addition to these decay chains two new isotopes of element 
114 and their descendant nuclei were identified for the first time in this experi- 
ment with FJq,— 9-95 MeV, Ti/2=0.6 s and Eot=10.^A MeV, Ti/2=1 s. Based on 
the results of these experiments it was reasonable to assign previously discovered 
EVR-a — a-SF chain to the decay of even-odd nuclide ^^^114 produced via 3n- 
evaporation with the maximum cross section of about 2 pb. Then the two other 
nuclei should be assigned to the decay of neighboring even-even and even-odd 
isotopes of element 114, ^^^114 and ^^^114, produced in An- and 5n-evaporation 
channels with the cross sections of ~5 pb and pb, respectively [14]. Three 
typical decay chains of ^^'^114, and ^^'^114 are shown in Fig. 2 . 

In view of the new interpretations, the data of our first experiments [15] 
performed at low excitation energy (£’*=35 MeV) need further analysis. In the 
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June 15, 2003 May 29, 2003 May 21, 2003 

04:55 strips 04:17 Strip 4 11:32 Strip 12 




17.6 mm 25.7 mm 

Fig. 2. Typical decay chains of and ^*^114 observed in the reaction 

244p^^48c.^ [14]. 



recent ^^^Pu-|-^^Ca experiment [14], at E'*=41 MeV, 47 and 53 MeV and a total 
beam dose of 1.0x10^^ as well as in the previous experiment [11] at F^*=35 MeV 
with a beam dose of 1.0x10^^, we did not observe the long decay chain similar 
to that which we had detected in our first experiment [15] at £^*=35 MeV which 
was interpreted as a candidate for the decay of ^^^114. The cross section corre- 
sponding to this single event was estimated to be about 0.2 pb. In view of the 
recent results, one could propose that this chain originates from the decay of the 
neighboring isotope ^^^114 produced via 2n-evaporation. Indeed, the energy of 
the first a-particle (9.71 MeV) is about 0.1 MeV lower than that of the isotope 
^^^114 assigned from our most recent work [14] and the energies of the next two 
a-particles (8.67 MeV and 8.83 MeV) do not contradict what is expected for 
^^^112 and ^^^110. Yet in this case, one has to suppose a considerable increase 
in stability against decay by SF of these nuclei compared with the even-even 
neighbors, i.e., ^^^112 {Tsf ~0.1 s). 

On the other hand, some calculations [16] show that such a long chain can be 
assigned to a rare decay branch of the even-odd nuclide ^^^114. This rare decay 
starts from the first excited state rather than from the ground state and goes 
through low-lying levels in the daughter nuclei in accordance with the selection 
rules associated with the appropriate quantum numbers. Without production of 
more of these chains, positive assignment remains uncertain. 

During June- July, Nov.-Dee., 2000, January and April-May, 2001, we carried 
out an experiment aimed at the synthesis of superheavy nuclei with Z=116 in the 
complete fusion reaction ^^^Cm-h^®Ca [17]. A beam dose of 2.3x10^^ 240-MeV 
^^Ca projectiles was collected in this experiment. 

To improve background conditions for detecting long-time decay sequences, 
a special measurement mode was employed. The beam was switched off after 
a recoil signal was detected with parameters of implantation energy and TOF 
expected for Z=116 evaporation residues, followed by an a-like signal with an 
energy of 10.05 MeV< Eot <11.5 MeV, in the same strip, within a position 
window of 2 mm and time intervals of up to 5 s. Thus, all the expected sequential 
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3.15 s 
20.4 mm 

Fig. 3. Time sequences in the decay chains observed in the ^^^Cm-\-^^Ca reaction [17]. 



decays of the daughter nuclides with Z <114 could be observed in the absence 
of beam- associated background. 

In this experiment three similar decay sequences were observed that are 
shown in Fig. 3. The implantation of EVRs in strips 4, 5, and 1 were followed 
by a-particles with E'q,=( 10.53±0.06) MeV. These sequences switched the ion 
beam off, and further decays were detected under lower-background conditions. 
The probability of three observed event chains being totally of random origin 
is negligible. All the decays following the first 10.53-MeV n-particles agree well 
with the decay chains of ^^^114, previously observed in the ^^^PuH-^^Ca reaction 
(see Figs. 1, 2). Thus, it is reasonable to assign the observed decays to the nuc- 
lide ^^^116, produced via evaporation of three neutrons in the complete- fusion 
reaction ^^^Cm-h^^Ca with a cross section of O.bj^Q ^ pb. 

The decay properties of ^^^116 (Fc,=10.53 MeV, Qc^=(10.68±0.06) MeV, 
^ 1 / 2 = 531:^2 289114 (F^=9.82 MeV, Qc.=9.96±0.06 MeV, Ti/2=2.6l2;° s), 

and 285112 (F;^=9.15 MeV, Qc.-9.28d=0.06 MeV, Ti/2=45l?^ s) measured in the 
2^^Pu-h^^Ca and 248 Qj^_|_48Qq^ reactions are shown in Fig. 7 together with those 
of known lighter even-even nuclei. One can see that all the decay chain members 
follow the Geiger-Nuttall Tq, vs. Q^x relationship for allowed o-transitions. 

During Feb. -June, 2002, we carried out an experiment aimed at the synthe- 
sis of element 118 in the reaction ^^Qcf+^^Ca [18]. A beam dose of 2.5x10^^ 
245-MeV ^^Ca ions was collected in this experiment. The two fission events with 
high deposited energies Ftot =207 MeV and 223 MeV were preceded by EVRs 



Super heavy Elements - Status of Research in Dubna 1097 




9.4 mm FWHM=0. 71 mm 



Fig. 4. Time sequences in the decay chains observed in the C f C a reaction [18]. 
FWHM position resolutions for escape a and SF with respect to EVR are shown in 
italics. 



detected with preceding time intervals of 0.56 s and 3.16 ms, respectively. The 
respective probability of detecting random recoil signals within given intervals 
is 9x10“^ and 6x10”^. Only in one event (see Fig. 4) an EVR with energy 
and TOF signal close to that expected for a Z=11S nucleus was followed by an 
11.65-MeV a-particle absorbed by the focal-plane detector and a 10.71-MeV De- 
part icle detected both by the focal-plane and side detectors, which was followed 
by SF. The probability of observing a random sequence of 4 signals in strip 3 
(even neglecting their vertical position correlation) is 1.5x10“^. A 6-mm posi- 
tion deviation observed for the second a-particle may be due to the low energy 
(1.41 MeV) deposited in the focal-plane detector (see, e.g.. Fig. 4 in [18]). For 
the second event (strip 8) no signals were detected in the short EVR-SF time 
interval. These events were observed at the instantaneous beam energy values 
of 245.6 MeV (E*=29.8±2.0 MeV) and 246.1 MeV (E*=30.2±2.3 MeV), res- 
pectively; these correspond to the expected maximum for the 3n-evaporation 
channel, resulting in production of the even-even isotope ^^^118. The two a- 
decaying nuclei in the first decay chain follow the Geiger-Nuttall relationship for 
even-even nuclei (see Fig. 7). Measured Qa values together with the known data 
for the even-even nuclides with Z >100 and theoretical values Qq, calculated in 
macroscopic-microscopic nuclear model [12] are shown in Fig. 8. The experimen- 
tal Qa values for ^^^118 and its descendants agree well with the earlier data on 
heavier even-even isotopes with Z=114, 116 and also show a trend to deviate 
from the calculations to lower values. Note also that fission time of the final 
nuclide in the detected chain agrees with the calculated value of Tsf=^’^ s for 
286114 [12]. 

The second decay chain does not reproduce the first one. The decay time 
t5i?=3.16 ms is quite close to the first a-decay time (2.55 ms) in the previous 
chain. One can propose that the observed SF with rather high deposited energy 
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Fig. 5. Time sequences in the decay chains observed in the reaction. 



MeV (TKE~245 MeV) is related to fission of the EVR ^^'^IIS itself 
produced in the reaction ^^^Cf(^®Ca,3n). 

During March-May, 2003, we carried out an experiment aimed at the in- 
vestigation of radioactive properties of isotopes of element 116 in the reaction 
^^^Cm-h'^^Ca. As in the case of and we chose the reaction with 

^^^Cm, one a-particle lighter target material than ^^^Cf, for producing in pri- 
mary a;n-reactions the a-decay daughter of Z=118 isotope produced in the re- 
action ^^^Cf+^^Ca [18]. 

The excitation energy of the compound nucleus at the Coulomb barrier of 
the ^^^Cf-f^^Ca reaction is about 6.3 eV lower than in the reaction ^^'^Pu-f^^Ca. 
The maximum yield of Z=118 nuclides can be expected in 2n-3n-evaporation 
channels. Therefore, for the reaction ^"^^Cm-T^^Ca we chose the beam energy 
of 243 MeV in the middle of the target (Z\E* ==30.9-35.0 MeV) at which the 
production of isotopes 260,261 -g expected with high probability. 
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In this experiment, with an accumulated beam dose of 1.2x10^^, we detected 
five decay chains which fall into two decay types shown in Fig. 5 [14]. The first 
type of decay represents a two- or three-step decay (EVR-a-SF or EVR-a — a- 
SF), lasting ~0.5 s. In two of the three decay chains of this type, the first a decay 
was not observed. The probability of detecting the preceding EVRs as random 
events producing an accidental correlation was only about 2% in both cases. 
Despite the fact that the a-particles were not observed, we tentatively assigned 
these events to the same type, supposing that the a particles were not detected. 
In this experiment, we registered eight a particles by means of a detector with 
an 87% efficiency. Missing two a particles is not improbable. The second decay 
type included three sequential a decays and also ended in spontaneous fission. 
The total time interval between the EVR and the SF for that decay type is about 
10 s and is dominated by the last a-decay that precedes the SF. 

These new chains produced in the ^^^Cm-f^^Ca experiment are different 
than the ER-a — a — a-SF decays of the nuclei synthesized in the reaction 
^^®Cm-f-^^Ca [17]. In the ^^^Cm experiments, the energy of the a particles emit- 
ted by the mother nucleus (Z=116) is about (0.2-0. 3) eV larger and its half-life 
is smaller than that observed for more neutron-rich isotope of element 116. For 
the daughter nuclei (Z=114), the a-decay energy is also ~(0.2-0.3)eV larger. 
An even stronger difference is observed in the decay of granddaughter nuclei 
{Z=112), where the a-particle energies for one of the decay types (ER-a — a — a- 
SF) differ by ^0.4 eV and the difference in half-life increases accordingly, whereas 
for the other decay type (ER-a-SF or ER-a — a-SF), in one case the daughter 
nuclei undergoes spontaneous fission with Tsf ^OA s and in the other case the 
granddaughter nuclei undergoes SF with Tsf ms. 

On the contrary, the decay energies and half-lives agree well when one consi- 
ders the daughter nuclei in EVR-a — a — a-SF decay chains observed in the 
^^^Cm+'^^Ca reaction together with a single chain observed in the reaction 
^"^^Pu+^^Ca at maximum beam energy (E* ?^53 MeV), which was assigned 
to the decay of ^^^114, the 5n-evaporation product [14]. Then the longer EVR- 
a — a — a-SF chains observed in the ^^^Cm+^^Ca case should be referred to 
the decay of ^^^116 produced via 2n-evaporation. Accordingly, here the shorter 
chains should be assigned to the even-even ^^^116, the product of 3n evapora- 
tion, previously observed in the ^^^Cf+^^Ca reaction after a-decay of ^^^118. 
In the ^'^^Cm+'^^Ca reaction, where the mass defect decreases the minimum 
excitation energy of the compound nucleus ^^^116 by some 4 MeV compared 
with ^^^114, the 2n- and 3n-evaporation channels are observed at energies of 
^£^*=(30. 9-35.0) MeV with cross sections of about 0.9 pb and 1.3 pb, respec- 
tively. Note, the identical decay chains were observed in the current experiment 
aimed at the measurement of the xn-evaporation excitation functions in the 
reaction ^^^Pu+^^Ca [19] (see Fig. 6). 

In the present experiments, we did not observe the 3-minute (ER-a-SF) decay 
chain reported in the ^^^Pu+^^Ca reaction at the low bombarding energy of 
235 MeV (£*=32.6 MeV) [20] studied with the VASSILISSA separator and 
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Fig. 6. Typical decay chains observed in the Pu+^^Ca reaction [19]. 

assigned to ^^^114. This chain might represent a different decay mode of ^^^114. 
However, these speculations are based on a very small number of observed events. 



4 Discussion 

The a-particle spectra observed in these experiments from the decay of the nuclei 
with Z=112, 114 and 116 are characterized by well-defined transition energies. 
They follow the relationship between the probability and energy of a-decay 
(Viola-Seaborg formula) that was determined from even-even nuclei. 

This means that the observed transitions are as unhindered for the isotopes 
with odd mass numbers as they are for isotopes with even mass numbers. The 
decay properties of nuclei produced in these experiments are presented in Fig 7. 

The a-decay energies of the synthesized nuclei are given in Fig. 8 together 
with the available values of Qa for tfio known isotopes with even Z >100 and 
theoretical values [12]. Radioactive properties of isotopes with Z=112, 114, 116 
and 118 are in qualitative agreement with the macro- microscopic model calcu- 
lations that predict the nuclear shapes to be close to spherical in this domain. 

The a-decay properties of the synthesized nuclei agree also with self-consistent 
calculations (see, e.g., [16,21-23]). All the above theoretical approaches predict 
the existence of the “island of stability” in the region of superheavy elements. 
The principal result of the present work is the observation of the considerable 
increase in lifetimes of superheavy nuclei with Z >110 with increasing neutron 
number. In this respect, the decay properties of the new nuclides observed in pre- 
sent experiments confirm theoretical expectations and can be considered proof 
of the existence of enhanced stability in the region of super heavy elements. 
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Alpha-decay energy (MeV) 

Fig. 7. The dependence vs. Qct for known heavy even-even nuclei with Z=100 
(solid circles), 102 (open circles) 104 (solid quadrat), 106 (open quadrat), 108 (solid 
triangle), 110 (open triangle) [10-12], and nuclei shown in Figs 1, 3 (open romb). Fig. 
4 (solid romb) and Fig. 5 (solid romb and open romb). The lines are drown according 
to the formula by Viola and Seaborg. 




Neutron number 



Fig. 8. Alpha-decay energy vs. neutron number for isotopes of even-Z elements with 
Z>100 (solid circles - even-even isotopes, open circles - even-odd isotopes) [4,7,14]. 
Data at N>169 are from [11,17,18] and the present work. Solid lines show theoretical 
Qo: values [12] for even Z= 100- 118 elements. 
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